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ABSTRACT 
The continued depletion of oil reserves, a necessity for energy security 
and the environmental importance of reducing greenhouse gas emissions has 
prompted the industrial development of clean, non-conventional, renewable 
fuels. Transport fuels are currently composed primarily of fossil-derived alkanes 
and commonly contain a minor biofuel component of bioethanol in gasoline or 
fatty acid methyl esters (FAMEs) in diesel. Increasing biofuel supply to satisfy 
governmental targets imposes substantial technological constraints on 
automobile engine manufacturers and raises controversies over arable land 
usage. ‘Drop-in’, microbial, alkane biofuels are structurally identical to fossil 
fuels and their production does not compete directly with arable farming, 
thereby obviating the problems associated with the manufacture and 
deployment of bioethanol and FAMEs.  
This study investigated alkane biosynthesis in two non-photosynthetic 
bacteria, Mycobacterium sp. NCIMB 10403 and Desulfovibrio desulfuricans, to 
evaluate their potential for use as biocatalysts in the industrial manufacture of 
‘drop-in’ biofuels. This study employed single- and two-dimensional gas 
chromatography-mass spectrometry as a means to provide a rigorous analysis 
of alkane biosynthesis in these bacteria. In addition, a microarray analysis was 
used to develop an understanding of the genes potentially important in 
regulating alkane production in D. desulfuricans. 
In contrast to the original reports from the 1960’s, Mycobacterium sp. 
NCIMB 10403 and D. desulfuricans NCIMB 8307 did not synthesise alkanes. 
Alkane biosynthesis was confirmed in D. desulfuricans NCIMB 8326 although 
the alkane quantities and carbon chain length distribution differed significantly 
to those previously reported. The microarray data gave evidence to suggest 
that the expression of genes encoding a long chain fatty acid-CoA ligase and an 
aspartyl/glutamyl-tRNA amidotransferase may be important for regulating 
alkane biosynthesis in D. desulfuricans. Furthermore, several genes encoding 
hypothetical proteins were identified as being potentially involved directly in the 
formation of alkanes. 
CONTENTS 
  4 
CONTENTS 
Figures 7 
Definitions and Abbreviations  10 
CHAPTER 1            INTRODUCTION 11 
CHAPTER 2            LIPID AND HYDROCARBON BIOSYNTHESIS IN MYCOBACTERIUM 
………………….. SP.   NCIMB 10403 
41 
 2.1 Introduction 41 
 2.2 Materials and Methods 43 
 2.2.1 Strains and Culture Conditions 43 
 2.2.2 Isolation of Bacterial Strains from Environmental Soil Samples  44 
 2.2.3 DNA Extraction and in vitro DNA Amplification 45 
 2.2.4 16s rDNA Sequencing and Alignments 46 
 2.2.5 Phylogenetic Analysis 46 
 2.2.6 Denaturing Gradient Gel Electrophoresis 46 
 2.2.7 Growth Analysis and Nile Red Staining 47 
 2.2.8 Harvesting Cellular Dry Mass 47 
 2.2.9 Dichloromethane Extraction of Cellular Organic Products 48 
 2.2.10 Preparation and Derivatisation of Dichloromethane Extracts 48 
 2.2.11 Gas Chromatography – Mass Spectrometry 49 
 2.2.12 Two-dimensional Gas Chromatography – Mass Spectrometry 49 
 2.2.13 Fluorescence-Activated Cell Sorting 49 
 2.2.14 Scanning Electron Microscopy 50 
 2.2.15 Laser-Scanning Confocal Microscopy 50 
 2.3 Results 50 
 2.3.1 Growth of Mycobacterium sp. NCIMB 10403 50 
 2.3.2 Organic Products in Mycobacterium sp. NCIMB 10403 52 
 2.3.3 Verification of the Mycobacterium sp. NCIMB 10403 Sample 52 
 2.3.4 Taxonomy Reassessment of Mycobacterium sp. NCIMB 10403 62 
 2.3.5 Growth of Gordonia sp. NCIMB 10403 65 
 2.3.6 Development of RAC Medium Using Nile Red Staining 65 
 2.3.7 Comparison of Bacterial Lipid Synthesis Using Nile Red Staining 70 
 2.3.8 Comparison of Intracellular Lipid in Gordonia terrae DSM 43342  73 
 2.3.9 Organic Products in Gordonia sp. NCIMB 10403 75 
 2.3.10 Organic Products in Gordonia terrae DSM 43342  75 
 2.3.11 Screening for High-Lipid-Accumulating Bacteria in Environmental Soil 
Samples 
78 
 2.4 Discussion 78 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONTENTS 
  5 
CHAPTER 3            HYDROCARBON BIOSYNTHESIS IN DESULFOVIBRIO                     
…………………..DESULFURICANS 
83 
 3.1 Introduction 83 
 3.2 Materials and Methods 85 
 3.2.1 Strains and Culture Conditions 85 
 3.2.2 Harvesting Cellular Dry Mass 86 
 3.2.3 Harvesting Culture Supernatants 86 
 3.2.4 Dichloromethane Extraction of Cellular Organic Products 86 
 3.2.5 Fractionation of Dichloromethane Extracts 86 
 3.2.6 Preparation and Derivatisation of Dichloromethane Extracts  87 
 3.2.7 Extraction of Extracellular Organic Products  87 
 3.2.8 Gas Chromatography – Mass Spectrometry 87 
 3.3 Results 88 
 3.3.1 Growth of Desulfovibrio desulfuricans 88 
 3.3.2 Determining Suitable Grinding Agent for Dichloromethane Extraction  88 
 3.3.3 Analysis of Hydrocarbon Biosynthesis in Desulfovibrio desulfuricans 
NCIMB 8307 
90 
 3.3.4 Analysis of Hydrocarbon Biosynthesis in Desulfovibrio desulfuricans 
NCIMB 8312 
106 
 3.3.5 Analysis of Hydrocarbon Biosynthesis in Desulfovibrio desulfuricans 
NCIMB 8326 
112 
 3.4 Discussion 129 
CHAPTER 4            MICROARRAY ANALYSIS OF DESULFOVIBRIO DESULFURICANS 138 
 4.1 Introduction 138 
 4.2 Materials and Methods 141 
 4.2.1 Bacterial Culturing and Dichloromethane Extraction of Cellular Organic 
Products 
141 
 4.2.2 Gas Chromatography – Mass Spectrometry 141 
 4.2.3 RNA Extraction and Analysis 142 
 4.2.4 Preparation of Fragmented, Biotin-Labeled cDNA 142 
 4.2.5 Hybridisation of Fragmented Biotin-Labeled cDNA 143 
 4.2.6 Post-Hybridisation Washing, Staining and Scanning 143 
 4.2.7 Bioinformatic Analysis 143 
 4.3 Results 144 
 4.3.1 Organic Products in Cultures of Desulfovibrio desulfuricans Used for 
Microarray Analysis 
144 
 4.3.2 Overview of Significantly Differentially Expressed Genes in                 
D. desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 8326 
146
 4.3.3 Analysis of Genes Important in Desulfovibrio desulfuricans Fatty Acid 
Biosynthesis and Metabolism 
149 
 4.3.4 Functional Analysis of Genes Showing Greatest Differential 
Expression in D. desulfuricans NCIMB 8307 and D. desulfuricans 
NCIMB 8326 
157 
 4.3.5 Identification of Genes Potentially Involved in Desulfovibrio 
desulfuricans Alkane Biosynthesis  
162 
 4.4 Discussion 168 
CONTENTS 
  6 
CHAPTER 5: DISCUSSION AND CONCLUSIONS 176 
CHAPTER 6: APPENDICES 184 
CHAPTER 7: BIBLIOGRAPHY 217 
FIGURES 
  7 
FIGURES 
Fig. 1.1 Aliphatic Hydrocarbons in Non-Photosynthetic Bacteria 21 
Fig. 1.2 Biochemical Pathways for Bacterial Alkane Biosynthesis 23 
Fig. 1.3 Fatty Acid Biosynthesis in Escherichia coli 31 
Fig. 1.4 Fatty Acid Biosynthesis in Mycobacteria 36 
Fig. 2.1 Growth of Mycobacterium sp. NCIMB 10403 51 
Fig. 2.2 Organic Products from Mycobacterium sp. NCIMB 10403 53 
Fig. 2.3 Carbon Chain Length Distribution of Organic Products from Mycobacterium sp. 
NCIMB 10403 
54 
Fig. 2.4 Colony and Cell Morphologies of Mycobacterium sp. NCIMB 10403 55 
Fig. 2.5 16s rDNA Sequence Analysis of Morphotype A from Mycobacterium sp. NCIMB 
10403 
57 
Fig. 2.6 16s rDNA Sequence Analysis of Morphotype A from Mycobacterium sp. NCIMB 
10403 
59 
Fig. 2.7 16s rDNA Sequence Analysis of Morphotype B from Mycobacterium sp. NCIMB 
10403 
60 
Fig. 2.8 DGGE Analysis of the Mycobacterium sp. NCIMB 10403 sample 61 
Fig. 2.9 16s rDNA Sequence analysis of Gordonia sp. NCIMB 10403 63 
Fig. 2.10 Maximum-Likelihood Phylogenetic Tree Showing the Position of Gordonia sp. 10403 
in Relation to Other Corynebacterineae 
64 
Fig. 2.11 Growth of Gordonia sp. NCIMB 10403 66 
Fig. 2.12 Nutrient Compositions of 8 different Media Based Upon BSM- 67 
Fig. 2.13 Maximum Relative Lipid Yields of Gordonia sp. NCIMB 10403 69 
Fig. 2.14 Maximum Relative Lipid Yields of Gordonia sp. NCIMB 10403 Compared to Other 
Bacterial Cultures 
72 
Fig. 2.15 Cellular Fluorescence of Nile Red-Stained Gordonia terrae Cells 74 
Fig. 2.16 Organic Products of Gordonia sp. NCIMB 10403 76 
Fig. 2.17 Organic Products of Gordonia terrae 77 
Fig. 3.1 Growth of Desulfovibrio desulfuricans 89 
Fig. 3.2 Organic Products in Acid-washed Sand 91 
Fig. 3.3 GC-TIC of Diatomaceous Earth 92 
Fig. 3.4 Organic Products in Desulfovibrio desulfuricans NCIMB 8307 Cultured in MPD  93 
Fig. 3.5 Organic Products in Desulfovibrio desulfuricans NCIMB 8307 Cultured in MPD  94 
Fig. 3.6 Alkanes in Desulfovibrio desulfuricans NCIMB 8307 Cultured in MPD 95 
Fig. 3.7 Extracellular Organic Products of Desulfovibrio desulfuricans NCIMB 8307   
Cultured in MPD 
97 
Fig. 3.8 Organic Products in Desulfovibrio desulfuricans NCIMB 8307 Cultured in MSM 98 
Fig. 3.9 Organic Products in Desulfovibrio desulfuricans NCIMB 8307 Cultured in MSM 99 
Fig. 3.10 Organic Products in Desulfovibrio desulfuricans NCIMB 8307 Cultured in MSM 100 
Fig. 3.11 Organic Products in Desulfovibrio desulfuricans NCIMB 8307 Cultured in PMC 102 
Fig. 3.12 Organic Products in Desulfovibrio desulfuricans NCIMB 8307 Cultured in PMC 103 
Fig. 3.13 Organic Products in Desulfovibrio desulfuricans NCIMB 8307 Cultured in PMC 104 
Fig. 3.14 Organic Products in Desulfovibrio desulfuricans NCIMB 8307 Cultured in PMC 105 
Fig. 3.15 Organic Products in Desulfovibrio desulfuricans NCIMB 8312 Cultured in MPD 107 
FIGURES 
  8 
Fig. 3.16 Organic Products in Desulfovibrio desulfuricans NCIMB 8312 Cultured in MPD 108 
Fig. 3.17 Organic Products in Desulfovibrio desulfuricans NCIMB 8312 Cultured in MSM 109 
Fig. 3.18 Organic Products in Desulfovibrio desulfuricans NCIMB 8312 Cultured in MSM 110 
Fig. 3.19 Organic Products in Desulfovibrio desulfuricans NCIMB 8312 Cultured in MSM 111 
Fig. 3.20 Organic Products in Desulfovibrio desulfuricans NCIMB 8312 Cultured in PMC 113 
Fig. 3.21 Organic Products in Desulfovibrio desulfuricans NCIMB 8312 Cultured in PMC 114 
Fig. 3.22 Organic Products in Desulfovibrio desulfuricans NCIMB 8312 Cultured in PMC 115 
Fig. 3.23 Organic Products in Desulfovibrio desulfuricans NCIMB 8326 Cultured in MPD 116 
Fig. 3.24 Alkanes in Desulfovibrio desulfuricans NCIMB 8326 Cultured in MPD 117 
Fig. 3.25 Organic Products in Desulfovibrio desulfuricans NCIMB 8326 Cultured in MPD 118 
Fig. 3.26 Organic Products in Desulfovibrio desulfuricans NCIMB 8326 Cultured in PMC 120 
Fig. 3.27 Organic Products in Desulfovibrio desulfuricans NCIMB 8326 Cultured in PMC 121 
Fig. 3.28 Alkanes in Desulfovibrio desulfuricans NCIMB 8326 122 
Fig. 3.29 Extracellular Organic Products of Desulfovibrio desulfuricans NCIMB 8326    
Cultured in PMC 
123 
Fig. 3.30 Organic Products in Desulfovibrio desulfuricans NCIMB 8326 Cultured in PMC 125 
Fig. 3.31 Organic Products in Desulfovibrio desulfuricans NCIMB 8326 Cultured in PMC 126 
Fig. 3.32 Fatty acids in Desulfovibrio desulfuricans NCIMB 8326 Cultured in PMC 127 
Fig. 3.33 Fatty acids in Desulfovibrio desulfuricans NCIMB 8326 Cultured in PMC 128 
Fig. 3.34 Organic Products in Desulfovibrio desulfuricans NCIMB 8326 Cultured in MSM 130 
Fig. 3.35 Organic Products in Desulfovibrio desulfuricans NCIMB 8326 Cultured in MSM 131 
Fig. 3.36 Comparison of Alkanes Present in Lipid Extracts of Desulfovibrio desulfuricans 
NCIMB 8326 
135 
Fig. 4.1 Maximum-Likelihood Phylogenetic Tree based on 16s rDNA Sequences of 
Sulphate-Reducing Bacteria 
139 
Fig. 4.2 Organic Products in Desulfovibrio desulfuricans Cultured in PMC 145 
Fig. 4.3 Normalised Intensities of Significantly Differentially Expressed Probe Sets in D. 
desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 8326 
147 
Fig. 4.4 Hierarchical Cluster Analysis of Probe Sets Significantly Differentially Expressed 
Above 2.0-fold between D. desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 
8326 
148 
Fig. 4.5 Summary of Genes Showing Over-Expression in Desulfovibrio desulfuricans NCIMB 
8326 
150 
Fig. 4.6 Summary of Genes Showing Under-Expression in Desulfovibrio desulfuricans 
NCIMB 8326 
151 
Fig. 4.7 Fatty Acid Biosynthesis in Desulfovibrio desulfuricans 152 
Fig. 4.8 Fatty Acid Metabolism in Desulfovibrio desulfuricans 154 
Fig. 4.9 Co-Expression Network of Genes Involved in Fatty Acid Biosynthesis and 
Metabolism in Desulfuricans desulfuricans 
156 
Fig. 4.10 Ontologies of Metabolically-Important Genes Over-Expressed in Desulfovibrio 
desulfuricans NCIMB 8326 
158 
Fig. 4.11 Ontologies of Metabolically-Important Genes Under-Expressed in Desulfovibrio 
desulfuricans NCIMB 8326 
159 
Fig. 4.12 Aminoacyl tRNA Biosynthesis in Desulfovibrio desulfuricans 161 
Fig. 4.13 Protein Sequence Analysis of Desulfovibrio desulfuricans G20 Aspartyl/Glutamyl-
tRNA Amidotransferase, A Subunit (Dde_1020) 
163 
FIGURES 
  9 
Fig. 4.14 Protein Sequence Analysis of Desulfovibrio desulfuricans G20 Aspartyl/Glutamyl-
tRNA Amidotransferase, A Subunit (Dde_1020) 
164 
Fig. 4.15 Protein Sequence Analysis of a Desulfovibrio desulfuricans G20 Predicted 
Hypothetical Protein (Dde_1214) 
166 
Fig. 4.16 Genome Region View of Dde_0939 to Dde_0955 and Dde_1867 to Dde_1882 in 
Desulfovibrio desulfuricans G20 
167 
Fig. 4.17 Protein Domains of Predicted Hypothetical Proteins Encoded by Genes Showing 
Co-Expression with Dde_1725 in Desulfovibrio desulfuricans 
169 
Fig. 4.18 Protein Domains of Predicted Hypothetical Proteins Encoded by Genes Significantly 
Differentially Expressed Above 2.0-fold between D. desulfuricans NCIMB 8326 and 
D. desulfuricans NCIMB 8307 
170 
Fig. 5.1 Hydrocarbons in a Mineral Oil-Contaminated Water Sample and in Desulfovibrio 
desulfuricans NCIMB 8326 
180 
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
DEFINITIONS AND ABBREVIATIONS 
  10 
DEFINITIONS AND ABBREVIATIONS 
DEFINITIONS 
Hydrocarbon:  In this thesis, ‘hydrocarbon’ is used strictly in reference to 
organic compounds consisting solely of carbon and hydrogen, e.g. alkanes and 
alkenes, and does not include any oxygenated organic compounds such as 
fatty acids and aldehydes. 
Lipid:  In this thesis, ‘lipid’ is used in reference to any hydrophobic organic 
compounds and includes hydrocarbons, glycerides and other fatty compounds. 
ABBREVIATIONS 
ACP: Acyl carrier protein; ANOVA: Analysis of variance; AS: Amidase signature;                 
Asn: Asparaginyl; Asp: Aspartyl;   ATP: Adenosine triphosphate;   BLAST: Basic local 
alignment search tool;   BSM-: Basal succinate medium (without nitrate);   BSTFA: N,O-
Bis(trimethylsilyl)trifluoroacetamide;   CoA: Coenzyme A;   CDM: Cellular dry mass;            
DCM: Dichloromethane;   DNA: Deoxyribose nucleic acid;   DGGE: Denaturing gradient gel 
electrophoresis;   DSM: German Collection of Microorganisms;   EB: Elution buffer;           
EDTA: Ethylenediaminetetraacetic acid;   EU: European Union;   FAAH: Fatty acid amide 
hydrolase;   FACS: Fluorescence-activated cell sorting;   FAME: Fatty acid methyl ester;     
G+C: Guanine + Cytosine;   GCxGC: Two-dimensional gas chromatography;   GC-TIC: Gas 
chromatography – total ion chromatogram;   GC-MS: Gas chromatography – mass 
spectrometry;    Gln: Glutaminyl;   Glu: Glutamyl;   IPCC: Intergovernmental Panel on Climate 
Change;    KEGG: Kyoto Encyclopedia of Genes and Genomes;   LB: Luria-Bertani;           
MPD: Modified Postgate’s medium D;   MSM: MacPherson and Miller’s standard medium;       
N-: Normal;   NADPH: Nicotinamide adenine dinucleotide phosphate-oxidase;   NASC: National 
Arabidopsis Stock Centre;   NCBI: National Centre for Biotechnology Information;           
NCIMB: National Collection of Industrial and Marine Bacteria;   OD: Optical density;          
OPEC: Organization of the Petroleum Exporting Countries;   ORF: Open reading frame;     
Pfam: Protein family;   PMB: Postgate’s medium B;   PMC: Postgate’s medium C;               
RLY: Relative lipid yield;   RNA: Ribose nucleic acid;   SEM: Scanning electron microscopy;   
SRB: Sulphate-reducing bacteria;   (T): Type;   TAE: Tris-acetate-EDTA;                              
TAG: Triacylglycerides;   US: United States;   UV: Ultraviolet;   VKM: All-Russian Collection of 
Microorganisms 
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CHAPTER 1  –   INTRODUCTION 
The rapid growth of the human population during the 20th century, coupled 
to expansion of industrial and transportation infrastructures, has led to depletion 
of the planet’s stored energy resources. The culminating ‘world energy crisis’ 
represents a severe problem capable of initiating a global economic collapse. 
Recent projections highlight the gravity of the issue. Peak oil production is 
almost certain to transpire within 20 years (Aleklett et al., 2010) after which a 
terminal decline in the supply of crude oil is inevitable. Meanwhile, oil demand is 
increasing; global oil consumption during 2010 averaged at 86.7 million barrels 
per day (OPEC public relations and information department, 2010), an increase 
of 15 % from 2001 (OPEC public relations and information department, 2001). 
Considering that recent estimates indicate a maximum of 1.34 trillion barrels of 
oil remain in proven oil reserves (Energy Information Administration, 2009), it is 
evident that there must eventually be a transition from the use of conventional 
fossil fuels to suitable renewable alternatives in order to ensure energy security 
for the future. 
Anthropogenic climate change is a major issue resulting from the 
exploitation of fossil fuels that requires remedial action. The ‘AR4 synthesis 
report’ compiled by the Intergovernmental Panel on Climate Change (IPCC) 
revealed that atmospheric concentrations of CO2 and CH4 had risen to 379 ppm 
and 1732 ppb respectively in 2005, a level far exceeding their natural range 
over the past 650, 000 years (Intergovernmental Panel on Climate Change, 
2007).  The IPCC’s projections suggest that concentrations of CO2 and CH4 will 
further increase, with CO2 concentrations expected to rise 40-110 % by 2030. 
The long-term impacts of accelerated climate change are broad and diverse. 
The effect upon sea levels and global surface temperatures is regularly 
addressed within the media, primarily due to the direct impact these issues will 
have upon the human population. However, a number of less well publicised yet 
equally important repercussions exist. Elevated atmospheric CO2 
concentrations increases ocean acidity and consequentially reduces ocean 
carbonate ion concentrations, ultimately threatening marine biodiversity by 
limiting necessary resources for ecologically important marine calcifiers (Orr et 
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al., 2005, Maclean & Wilson, 2011). Anthropogenic climate change also affects 
phenological aspects of plant and animal life. For instance, it has been 
proposed that due to an increase in global surface temperatures, migration 
patterns of many different bird species occur later than they did 40 years ago 
(Gatter, 1993). In addition, plant phenologies are substantially altered by 
elevated CO2 levels although this occurs in a dynamic and species-specific 
manner (Asshoff et al., 2006). Importantly, the adverse effects of climate 
change on food production, health and the environment has been predicted to 
cost modern economies the equivalent of 5% of their gross domestic product 
each year, highlighting the necessity for transition to a low-carbon economy 
(Stern et al. 2006). In order to reduce CO2 emissions it is essential to reduce 
consumption of fossil fuels. Therefore, the advocacy for utilisation of carbon 
neutral fuels has heightened in recent years and has prompted considerable 
research into the potential for adoption of transportation fuels derived from 
carbon capturing systems (Azar et al., 2006;  Zeman & Keith, 2008). 
The necessity for modern economies to obtain energy independency 
represents a further incentive for the development of renewable energy 
technologies. The cost of oil dependency is substantial, exceeding over $500 
billion a year in the US alone (Greene, 2010). Furthermore, tensions in 
international relations between the West and the Middle East have intensified 
over recent years, exemplified by the war in Iraq. A breakdown in relations 
could inevitably limit the supply of imported oil. There is therefore a strong drive 
for countries to achieve energy independence to satisfy the increasing fuel 
demands of the transport industry. For much of the Western world, this is only 
made possible through development of non-conventional, renewable energies. 
To encourage the petroleum and automotive industries to develop and 
adopt renewable energies, it was necessary to incorporate regulations and 
objectives in governmental policies. The H.R.6. Energy Independence and 
Security Act of 2007 imposed year-on-year targets for the production of 
renewable fuels in the US and came into effect in the beginning of 2009. The 
policy specifically set an aim of manufacturing 36 billion gallons of renewable 
fuel per year by 2022, a near three-fold increase on current biofuel output. 
However, this target is unlikely to be achieved, primarily due to predicted 
shortcomings in the production of cellulosic ethanol. This eventuality would elicit 
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waivers and modify target volumes for 2022 to 25.7 billion gallons (Conti et al., 
2011). The rectified target would account for approximately 5 % of total US fuel 
consumption, assuming an increase in demand comparable to that of the last 
decade. The EU Renewable Energy Directive of 2009 presents more optimistic 
objectives; members of the EU are mandated to derive 20 % of total energies 
and 10 % of transport fuel from renewable sources by 2020. If EU and US 
targets are to be achieved, it is clear that considerable attention must be 
focused towards the development and employment of renewable energy 
technologies, notably in regards to transportation fuels. 
Biofuel Technologies 
There are several potential replacements for petroleum-derived transport 
fuels, the majority of which are acquired from biological matter and are 
consequently termed biofuels. Biofuels are a diverse group of organic 
compounds derived from one of three distinct routes: from photosynthesis by 
organisms such as plants and algae; from fermentative and non-fermentative 
metabolism by heterotrophic microorganisms; from chemically converted 
biomass (Rude & Schirmer, 2009). Biofuels are often classified as first-
generation, second-generation or advanced biofuels depending on their origin.  
First generation biofuels are fuels derived directly from the processing of 
materials such as sugar, starch and vegetable oils derived from food crops. 
Second generation biofuels consist of a similar class of compounds to first 
generation biofuels but they are acquired from products of non-food crops such 
as lignocellulose. Advanced biofuels have a less stringent definition but for the 
purpose of this thesis the term is used to signify any biofuel compounds of 
microbial origin. Advanced biofuels that possess identical chemical structures to 
petroleum distillates are termed “drop-in” biofuels and can be integrated (or 
“splash-blended”) directly into current automotive fuels. The use of “drop-in” 
biofuels does not therefore require major alterations to the current industrial and 
commercial infrastructures of the transport industry. They are therefore 
considered highly attractive alternatives to fossil fuels.  
Biomass-derived ethanol (bioethanol) currently commands a considerable 
majority of the biofuels industry market share, with global production amounting 
to 23 billion gallons during 2010 alone (Renewable Fuels Association, 2011). 
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The fuel is commonly derived from cereal crops and sugar cane and is 
frequently utilised as a gasoline or diesel additive in blends as high as 15 % 
(Conti et al., 2011). Only in Brazil are higher percentages of ethanol composite 
fuels employed, with national legislation mandating cars to run on 20-24 % 
blends (Renewable Fuels Association, 2011). However, costly engine 
modifications – such as an increase in the engine compression ratio and 
modification of the engine fuel system and cylinder head (Jeuland et al., 2004) - 
are required for use of ethanol blends above 20 % without causing damage to 
the engine (Yuksel & Yuksel, 2004). Bioethanol has a number of further 
downfalls regarding its potential to serve as a permanent replacement for crude 
oil-derived transport fuels. Firstly, the fuel has a relatively low energy density, 
with 15 % blends providing 25-30 % less energy content per gallon than 
gasoline (Corts, 2010). Furthermore, bioethanol production requires substantial 
land usage and often competes directly with arable farming. Consequently, 
there is a large discrepancy between the land required for ethanol production 
and the land available (Pimentel & Patzek, 2008). It is therefore widely 
considered to be unsustainable to utilise bioethanol as a sole replacement for 
gasoline, especially in Europe. However, ethanol is also obtainable from 
cellulose (cellulosic ethanol) and presents a more feasible renewable fuel for 
large-scale manufacture. The raw biomass required for production of cellulosic 
ethanol is obtainable from a diverse resource base including trees, wood and 
crop residues, and grasses (Solomon et al., 2007), and as such does not 
require the same arable land usage as is required for bioethanol. Furthermore, 
fuel-cycle models have predicted greenhouse gas emissions for production of 
cellulosic ethanol to be less than half that of bioethanol (Wang, 2001; Farrell et 
al., 2006). However, the composition of sugar-derived and cellulose-derived 
ethanol is equivalent and thus alterations in existing fuel infrastructure and 
improvements in fuel efficiency are still required to accommodate cellulosic 
ethanol as a renewable fuel source on a mass scale. 
Biodiesel is a biofuel consisting of long chain fatty acid methyl esters 
(FAMEs) and/or fatty acid ethyl esters, commonly derived from vegetable oils 
and animal fats, that represents a credible alternative to renewable ethanol 
fuels (Demirbas & Karslioglu, 2007). Manufacture of biodiesel has a number of 
advantages over bioethanol. The production of biodiesel results in 
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approximately 30% less green house gas emissions and a near four times 
higher net energy yield than manufacture of bioethanol (Hill et al., 2006). At 
present, expense of the raw materials amounts to over half of the total biodiesel 
production cost and consequently represents the greatest obstacle for mass 
production (Ma & Hanna, 1999). In addition, these raw materials are commonly 
sourced from arable land and so biodiesel possesses similar issues to 
bioethanol regarding land usage. However, problems associated with available 
land are rectifiable by utilising biodiesel derived from microorganisms. Only       
1-3 % of the total US cropping area would be required to satisfy 50 % of the US 
transport fuel demand by utilising biodiesel derived from microalgae (Chisti, 
2007). However, the manufacture of algal-derived biodiesel on an industrial 
scale is not currently economically viable and requires considerable 
improvements in the production capacity of microalgae through genetic 
engineering and advances in photobioreactor development (Chisti, 2007). 
Biodiesel is also obtainable from genetically modified bacteria (Kalscheuer et 
al., 2006) and is of great interest due to the potential for production of ‘designer’ 
and drop-in biofuels (Rude & Schirmer, 2009). Carbon chain lengths of fatty 
acid methyl and ethyl esters are easily modifiable by altering the expression of 
genes involved in the processing of fatty acids in Escherichia coli (Steen et al., 
2010). Therein lies potential to utilise such biological systems for tailoring fuels 
to satisfy the demands of the fuel and automotive industry. Biodiesel still has a 
number of barriers to overcome, such as lowering viscosity and improving shelf-
life, in order to become a suitable replacement for petroleum fuels (Bozbas, 
2008). Importantly, biodiesel is required to be utilised in petrodiesel blends of 
similar percentage composites as bioethanol/gasoline blends in order to be 
used efficiently in unmodified vehicle engines (National Renewable Energy 
Laboratory, 2009). Therefore, biodiesel is not representative of the optimal 
replacement for current transport fuels. 
Hydrocarbons derived from biological systems are highly attractive 
replacements for petroleum-derived fuels because they are compatible with 
existing fuel infrastructure and possess a high energy content (Biomass 
Research and Development Board, 2008). Similar to ethanol and diesel 
biofuels, hydrocarbon biofuels are attainable from a variety of different plant and 
microbial resources. Cellulosic biomass can be used as a raw material for 
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production of hydrocarbons and is converted through a number of diverse 
routes including microbial processing, pyrolysis and gasification (Regalbuto, 
2009). However, all of these routes require extensive and costly processing of 
the raw material. Production of cellulosic hydrocarbons is therefore highly 
constrained by manufacturing expenses (Fortman et al., 2008;  Kunkes et al., 
2008). Microorganisms potentially present a more economically viable 
alternative source of hydrocarbons as they provide a means to obtain a fully 
refined fuel that requires no further downstream processing following from 
extraction (Rude & Schirmer, 2009). Microbial ‘drop-in’ fuels possess a number 
of further benefits over other biofuels. Firstly, complete carbon neutrality is 
achievable for hydrocarbons derived from microbes grown photoautotrophically 
or chemolithoautotrophically (Luo et al., 2010). Furthermore, it is possible to 
genetically manipulate microbes for tailoring of ‘designer’ hydrocarbons in a 
manner comparable with that discussed for biodiesel (Steen et al., 2010). It is 
noted that easily recoverable microbial fuels that do not require processing 
represent the best prospect as a suitable alternative to petroleum transport 
fuels (Rude & Schirmer, 2009). Essentially, this is represented by microbially 
synthesised long chain aliphatic hydrocarbons, most notably alkanes. 
Hydrocarbons of Microbial Origin  
Microalgae are presently the only microbes established to possess the 
capacity to produce biofuel on an industrial scale and currently represent the 
only candidate microbial fuel source capable of satisfying the current global 
demand for transportation fuels (Chisti, 2007). Microalgae produce a range of 
compounds suitable for use as biofuels including methane (Haiduc et al., 2009), 
hydrogen (Benemann, 2000) methyl esters (Nagle & Lemke, 1990) and 
aliphatic hydrocarbons (Han et al., 1968b;  Youngblood & Blumer, 1973). The 
biosynthesis of hydrocarbons has been documented in a number of algal 
species (Lytle et al., 1979) although it has been most widely researched in the 
unicellular green colonial microalga Botryococcus braunii. There are three 
recognised races of B. braunii - A, B and L - each of which possess distinct and 
complex hydrocarbon profiles consisting of alkanes, alkenes, aromatic 
hydrocarbons, and a novel class of isoprenoids called botryococcenes 
(Banerjee et al., 2002). Due to the relative hydrocarbon compositions of           
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B. braunii, the alga has been most intensively studied for the generation of 
biodiesel (Chisti, 2007;  Chisti, 2008). However, the A race has been 
documented to synthesise up to 32 % of its cellular mass in aliphatic 
hydrocarbons, with C27-C31 alka-dienes and alka-trienes most abundant (Gelpi 
et al., 1970;  Wolf, 1983, McCoy & Pauls, 1984), demonstrating the potential for 
B. braunii to be used in the production of microbial ‘drop-in’ fuels. 
Hydrocarbons have also been identified in a broad range of fungal species 
and have found to be present in yeasts (Baraud et al., 1967;  Weete, 1972), 
mycelia (Jones, 1969) and spores (Oro et al., 1966;  Laseter et al., 1968). 
Although cellular hydrocarbon content of fungi is generally low (<1 % of the dry 
cellular mass), species of Saccharomyces can synthesise up to 10.2 % of their 
dry biomass in hydrocarbons, consisting primarily of long chain alkanes and 
squalene, when cultured anaerobically (Baraud et al., 1967). The hydrocarbon 
compositions of yeast commonly contain n-alkanes and have been well 
documented, especially in fungal spores. The hydrocarbons present in spores 
of phytopathogenic fungi often consist of C27, C29 and C31 n-alkanes (Weete, 
1972) and are commonly integrated in the cell wall (Fisher et al., 1972). This 
alkane composition is highly similar to that present in the cuticular waxes of 
plants (Hamilton & Hamilton, 1972)  suggesting functional analogy between the 
hydrocarbons of plants and fungal spores. In similarity to microalgae, fungi have 
been most widely considered to contribute to the biofuels industry through the 
production of biodiesel, largely due to the oleaginous nature of many yeast 
species (Li et al., 2008a).  
The cyanobacteria (blue-green algae) are photoautotrophic bacteria that 
share a number of similar metabolic facets with algae, primarily owing to the 
presence of a chloroplast (Stanier, 1977). Most cyanobacterial species 
analysed are capable of hydrocarbon synthesis and predominantly synthesise 
long chain alkane compositions predominantly containing 7- and 8-
methylheptadecane (Han et al., 1968a;  Winters et al., 1969;  Schirmer et al., 
2010). Although the cellular hydrocarbon content of cyanobacteria is usually 
low, contributing less than 1 % of the dry biomass (Winters et al., 1969;  Thiel et 
al., 1997) the potential for their use to synthesise ‘drop-in’ fuels is being actively 
investigated. A strain of Synechostis sp. PCC6803 that over-expressed acetyl-
CoenzymeA (CoA) carboxylase – a key component of initiating fatty acid 
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synthesis – was documented to synthesise higher quantities of fatty alcohols 
and hydrocarbons (Tan et al., 2011). Tan et al. highlighted the potential for use 
of such cyanobacterial strains in the production of carbon neutral fuels by 
utilising solar power as an energy source. Furthermore, the genes responsible 
for alkane formation in cyanobacteria were recently elucidated (Schirmer et al., 
2010) and instigated a variety of studies (Das et al., 2011; Li et al., 2011; Warui 
et al., 2011) that have sought to determine the biochemical pathways and 
characterise the relevant enzymes involved in cyanobacterial alkane 
biosynthesis. The primary driver of these reports was to substantiate the 
potential for cyanobacteria to be used for the industrial production of ‘drop-in’ 
fuels. 
Jankowski and ZoBell were the first to report the biosynthesis of 
hydrocarbons by non-photosynthetic bacteria and identified the presence of “oil-
like, ether-soluble, non-saponifiable material” containing aliphatic hydrocarbons 
in cultures of sulphate-reducing bacteria grown in seawater enriched with fatty 
acids (Jankowski & ZoBell, 1944). Stone and ZoBell later provided an analysis 
of the lipid compositions of the marine bacteria Serratia marinorubrum and 
Vibrio ponticus and documented the presence of hydrocarbons in their cellular 
extracts (Stone & ZoBell, 1952). In the 1960’s and early 1970’s, a succession of 
reports documenting instances of bacterial hydrocarbon production was 
published (Oro et al., 1967;  Davis, 1968;  Han et al., 1968b;  Albro & Dittmer, 
1969a;  Han & Calvin, 1969;  Jones, 1969;  Albro & Dittmer, 1970;  Tornabene 
et al., 1970). Many of these reports primarily focused upon providing evidence 
to support the biogenic theory for the origin of petroleum. In these accounts, 
bacteria from diverse taxa, isolated from a range of environments, were 
reported to synthesise various different hydrocarbons. Commonly, the aliphatic 
hydrocarbon compositions were complex with strains containing a variety of 
branched and un-branched alkanes and alkenes. Rarely were non-
photosynthetic bacteria found to possess distinctly similar hydrocarbon profiles 
to one another, contrasting with the methyl-heptadecane hydrocarbon profiles 
of cyanobacteria. During the 1980’s, interest in the biogenic theory for the origin 
of petroleum subsided and correspondingly, there was a substantial decline in 
the number of reports focused upon hydrocarbon-synthesising bacteria. 
However, in recent years the political, economic and environmental importance 
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placed upon energy security and the utilisation of carbon neutral fuels has 
increased considerably. This has contributed to resurgence in the interest of 
bacterial hydrocarbon formation and placed an importance on the identification 
and characterisation of biochemical and genetic pathways leading to 
hydrocarbon biosynthesis. Interest has also focused on bacteria that synthesise 
extracellular hydrocarbons in recognition that these hydrocarbons are easily 
extractable and consequently less costly to isolate. 
Why bacteria synthesise energetically “expensive” hydrocarbons remains 
uncertain and has rarely been addressed in the literature. Recent accounts 
have suggested that for some bacteria, hydrocarbons play an important role in 
regulating the cellular adhesion and detachment mechanisms that are often 
employed in the formation of biofilms (Nikolaev et al., 2001; Gianotti et al., 
2008). Alternative suggestions have proposed that they are important in 
regulating cell membrane permeability (Ladygina et al., 2006) or adaptation to 
cold environments (Sukovich et al., 2010a). A comprehension of the 
physiological role of hydrocarbons will undoubtedly be useful in augmenting 
hydrocarbon biosynthesis in bacteria through optimisation of the cultivation 
environment or techniques. 
In most instances, only very low quantities of hydrocarbons have been 
reported in cellular extracts of bacteria. The first account documenting 
quantities of hydrocarbons in bacteria reported that S. marinorubrum and V. 
ponticus yielded 0.25 % and 0.03 % of their cellular dry mass in hydrocarbons 
respectively (Stone & ZoBell, 1952). Strains of Arthrobacter (Jones, 1969), 
Bacillus (Jones, 1969), Corynebacterium (Jones, 1969), Micrococcus (Albro & 
Dittmer, 1969a;  Jones, 1969;  Tornabene et al., 1970) and Vibrio (Oro et al., 
1967) were also documented to produce similarly low levels, with all strains 
containing less than 1 % of their cellular mass as hydrocarbons. Higher 
quantities of intracellular hydrocarbons have been reported in Desulfovibrio 
desulfuricans (up to 2.25 % of the cellular mass) (Davis, 1968) and a 
Mycobacterium sp. (2.69 % of the cellular mass) (Jones, 1969) although these 
quantities are still comparatively small to those of many microalgae and yeast 
(Han et al., 1969;  Knights et al., 1970). More substantial yields of hydrocarbons 
have been observed in extracellular extracts of bacterial cultures. A number of 
sulphate-reducing bacteria have been reported to produce up to 24 mg 
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hydrocarbons per litre of culture, equivalent to 11 % of the total protein biomass 
(Bagaeva & Zolotukhina, 1994;  Bagaeva, 1997;  Bagaeva & Belyaeva, 2000). 
Greatest amounts of hydrocarbons in bacteria have been documented in 
cultures of Vibrio furnissii M1. A series of reports from the same laboratory 
found that V. furnissii M1 produced substantial quantities of extracellular 
hydrocarbons that possessed a composition similar to light oil (Park et al., 2001; 
Park, 2005;  Park et al., 2005) and produced up to 237 % of its dry cellular 
mass as hydrocarbons when cultured in a defined medium containing pentanoic 
acid as the sole carbon source (Park et al., 2005). Appreciable amounts of 
hydrocarbons were also observed in V. furnissii M1 cultures containing other   
n-fatty acids as carbons sources. In addition, a number of complex carbon 
substrates including polysaccharides such as starch and chitin proved suitable 
in inducing hydrocarbon formation in V. furnissii M1 (Park et al., 2005), further 
substantiating the suitability of the bacterium for use in the manufacture of 
‘drop-in’ fuels. However, an independent analysis of V. furnissii M1 did not 
observe hydrocarbons in cultures of the bacterium, nor did it provide any 
genetic evidence for potential of the bacterium to synthesise alkanes (Wackett 
et al., 2007). It is therefore doubtful that V. furnissii M1 possesses the capacity 
to generate hydrocarbons. 
Although the hydrocarbon profiles of bacteria can vary greatly, most 
frequently they consist of a broad range of normally distributed long-chain        
n-alkanes; hydrocarbons present in cellular extracts of strains of Arthrobacter 
(Jones, 1969), Bacillus (Jones, 1969), Clostridium tetanomorphum (Han & 
Calvin, 1969), Corynebacterium (Jones, 1969), Desulfovibrio (Davis, 1968;  Han 
& Calvin, 1969), E. coli (Han & Calvin, 1969) and Micrococcus (Han & Calvin, 
1969;  Jones, 1969) and hydrocarbons present in extracellular extracts taken 
from cultures of Clostridium pasteuranium (Bagaeva & Zinurova, 2004), Listeria 
monocytogenes (Gianotti et al., 2008), Pseudomonas fluorescens (Nikolaev et 
al., 2001),  V. furnissii (Park et al., 2001), and various sulphate-reducing 
bacteria (Bagaeva & Zolotukhina, 1994;  Bagaeva, 1997) all conform to such a 
distribution (Fig. 1.1). Aside from the cyanobacteria, rarely have bacterial 
hydrocarbons demonstrated a carbon chain odd:even prevalence as is regularly 
observed in animals (Jacob, 1978;  Lockey, 1980), plants (Jenks et al., 1995;  
Rashotte et al., 2001) and other microorganisms (Murray & Thomson, 1977; 
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BACTERIA PREDOMINANT HYDROCARBONS REFERENCES 
δ- PROTEOBACTERIA   
Desulfobacter postgatei C11-C24 n-alkanes (7)  
Desulfobacterium macestii C11-C24 n-alkanes (7) 
Desulfomicrobium baculatum C11-C24 n-alkanes (7) 
Desulfovibrio desulfuricans C11-C35 n-alkanes (6-10, 12) 
Desulfovibrio gigas C11-C24 n-alkanes (7) 
Desulfovibrio vulgaris C11-C27 n-alkanes (7, 12) 
γ- PROTEOBACTERIA   
Escherichia coli C17-C27 n-alkanes (12) 
Pseudomonas fluorescens C21-C33 n-alkanes (14) 
Serratia marinorubrum N/A (19) 
Shewanella oneidensis C31 n-polyalkenes (20, 21) 
Vibrio furnissii C14-C22 n-alkanes and n-alkenes 
C18-C27 branched alkanes 
(16-18) 
(17) 
Vibrio marinus N/A (19) 
Vibrio ponticus C17 n-alkane and n-alkenes (15) 
CLOSTRIDIA   
Clostridium acidiurici C16-C17 n-alkanes (12) 
Clostridium pasteuranium C25-C35 n-alkanes (12) 
Clostridium tetanomorphum C17-C27 n-alkanes (12) 
Desulfotomaculum kuznetsovii C11-C24 n-alkanes (7) 
Desulfotomaculum nigrificans C11-C24 n-alkanes (7) 
Sarcina flava C27-C29 anteiso- and iso- monoenes (22) 
Sarcina subflava C27-C29 anteiso- and iso- monoenes (22) 
ACTINOBACTERIA   
Arthrobacter sp. C15-C29 n-alkanes (13) 
Corynebacterium sp. C16-C31 n-alkanes (13) 
Micrococcus luteus (formerly 
Sarcina lutea/Micrococcus 
lysodeikticus) 
C27-C29 anteiso- and iso- monoenes 
C25-C27 anteiso- and iso- monoenes 
C15-C21 n-alkanes 
(1-5, 23) 
(22, 23) 
(12) 
Mycobacterium sp. C23-C31 n-alkanes (13) 
BACILLI   
Listeria monocytogenes C10-C19 n-alkanes (11) 
Bacillus sp.  C15-C31 n-alkanes (13) 
THERMODESULFOBACTERIA   
Thermodesulfobacterium mobile C11-C24 n-alkanes (7) 
Fig. 1.1  Aliphatic Hydrocarbons in Non-Photosynthetic Bacteria 
Table summarising previous characterisations of aliphatic hydrocarbon production in different 
bacteria. All reports have been included despite lacking independent verification of hydrocarbon 
synthesis in certain cases. In the case of Vibrio furnissii (in grey), independent reports suggest 
that the presence of alkanes was artefactual. A reference list is shown in Appendix 1.1.  
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Dobson et al., 1988). Consequently, bacterial hydrocarbon profiles are rarely 
distinctive. However, there are notable exceptions. N-heptadecane was 
reported to form 50 % of the total hydrocarbons of Clostridium acidiurici (Han & 
Calvin, 1969). Similarly, the hydrocarbon composition of Vibrio marinus 
contained over 80 % C17 alkanes and alkenes (Oro et al., 1967). As a 
prevalence of C17 hydrocarbons is common in cellular extracts of many 
cyanobacteria (Han et al., 1968b;  Thiel et al., 1997) it is possible that the 
relevant genetic pathways leading to hydrocarbon synthesis in Clostridium 
acidiurici and Vibrio marinus may have been horizontally transferred between 
these bacteria and cyanobacterial species. The hydrocarbon composition of 
Micrococcus luteus (formerly classified as Micrococcus lysodeiktus and Sarcina 
lutea) is also distinctive and has been well documented (Albro & Huston, 1964;  
Albro & Dittmer, 1969a;  Albro & Dittmer, 1969b;  Albro & Dittmer, 1969c;  Albro 
& Dittmer, 1969d;  Tornabene et al., 1970). The hydrocarbon profile of M. luteus 
consists almost entirely of iso- or anteiso-C27-C29 monoenes (Albro & Dittmer, 
1969a;  Tornabene et al., 1970). Commonly, the C29 monoene is most 
abundant, accounting for over half of the total hydrocarbons (Albro & Dittmer, 
1969a). However, growth of the bacteria in the presence of 14C-labeled 
palmitate and myristate significantly altered the hydrocarbon profile of the 
bacterium, with C25-C27 alkenes the most abundant hydrocarbons (Albro & 
Dittmer, 1969d). A hydrocarbon profile containing a predominance of methyl-
branched C25-C27 monoenes was also reported for another strain of M. luteus 
(Tornabene et al., 1967;  Tornabene et al., 1970) although alternative evidence 
suggests the strain was misclassified (Albro & Dittmer, 1969a). 
Biochemical Pathways for the Biosynthesis of Aliphatic Hydrocarbons 
The biochemical pathways involved in aliphatic hydrocarbon synthesis 
have been widely researched in numerous different organisms. Two distinct 
biochemical routes leading to aliphatic hydrocarbon biosynthesis have been 
acknowledged. The best characterised of these pathways is commonly termed 
the ‘elongation-decarboxylation’ pathway and involves the synthesis of long-
chain fatty acids, or their carrier protein-linked derivatives, followed by 
decarboxylation to form hydrocarbons (Fig. 1.2). The pathway was originally 
characterised for the synthesis of cuticular wax hydrocarbons in Brassica 
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A 
 
  
B 
Fig. 1.2  Biochemical Pathways for Bacterial Alkane Biosynthesis 
Two biochemical pathways for alkane biosynthesis in bacteria have been proposed. The head-
to-head condensation of M. luteus and S. oneidensis is shown in A (Albro & Dittmer, 1969a-
1969d; Beller et al., 2010; Sukovich et al., 2010a & 2010b). Enzymes involved in the pathway 
are shown in red. The elongation-decarboxylation found in cyanobacteria is displayed in B 
(Shirmer et al., 2010; Das et al., 2011; Warui et al., 2011). Enzymes shown in red are 
Synechococcus elongatus acyl-acp reductase (seAAR), Nostoc punctiforme aldehyde 
decarbonylase (npAD) and Prochlorococcus marinus aldehyde decarbonylase (pmAD). 
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oleracea (Kolattukudy, 1967) and has since been identified to occur in insects 
(Major & Blomquist, 1978;  Pennanec'h et al., 1997), algae (Templier et al., 
1991a; Templier et al., 1991b) and cyanobacteria (Schirmer et al., 2010).  The 
most important step in this pathway involves the loss of the terminal acyl-carbon 
atom from the elongated fatty acid. The formation of n-alkanes directly from 
their respective fatty acids via direct loss of CO2 would require the formation of 
a primary carbanion, a reaction that is not thermodynamically feasible. As such, 
it is noted that an electron-withdrawing group must be present adjacent to the 
α-carbon in order to stabilise the negative charge that would be generated 
during decarboxylation of the fatty acid (Dennis & Kolattukudy, 1992). The 
possibility that intermediates may exist in the decarboxylation process was 
therefore considered. Cell-free enzyme preparations capable of alkane 
formation, obtained from leaves of Pisum sativum, were found to contain 
appreciable amounts of an aldehyde that contained one carbon more than the 
most abundant alkane (Bognar et al., 1984). The authors therefore 
hypothesised that aldehydes could be the immediate precursor of alkanes in 
hydrocarbon biosynthesis pathways. This proposal was substantiated by the 
identification of a cobalt-porphyrin enzyme in B. braunii capable of 
decarbonylating octadecanal to form heptadecane and CO (Dennis & 
Kolattukudy, 1991; Dennis & Kolattukudy, 1992). The recognition that 
aldehydes are suitable intermediates in fatty acid decarboxylation necessitated 
the identification of suitable enzymes capable of reducing a fatty acid or fatty 
acyl-carrier protein to an aldehyde. This was duly established in B. braunii with 
the identification of a fatty acyl-CoA reductase capable of reducing palmitoyl-
CoA to hexadecanal using NADH as the reductant (Wang & Kolattukudy, 1995). 
Although the biochemical pathway in which fatty acids are reduced to alkanes 
through aldehyde intermediates is described in array of different organisms 
including plants (Cheesbrough & Kolattukudy, 1984;  Aarts et al., 1995), insects 
(Yoder et al., 1992) and cyanobacteria (Schirmer et al., 2010), it has not been 
established in non-photosynthetic bacteria. However, a similar mechanism to 
the fatty acyl-CoA reduction-aldehyde decarbonylation route to alkane formation 
was proposed in Vibrio furnissii (Park, 2005). The authors reported that 
hexadecane was formed from hexadecanoic acid through a successive 
reduction pathway that involved hexadecanal and hexadecanol intermediates. 
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They perceived that the utilisation of this mechanism in tandem with a pathway 
involving aldehyde decarbonylation could account for the absence of an alkane 
carbon chain length preference in the bacterium. However, the existence of this 
pathway is contentious due to the subsequent failure to independently replicate 
hydrocarbon production by V. furnissii M1 (Wackett et al., 2007). 
The alternative recognised pathway responsible for hydrocarbon synthesis 
is recognised as the ‘head-to-head condensation’ pathway and was originally 
characterised in M. luteus by Albro & Dittmer in a series of four reports (Albro & 
Dittmer, 1969a;  Albro & Dittmer, 1969b;  Albro & Dittmer, 1969c;  Albro & 
Dittmer, 1969d) (Fig. 1.2). The pathway model initially considered was 
predicted to involve a condensation reaction involving two fatty acids, of which 
one is formerly decarboxylated, resulting in the formation of a monounsaturated 
hydrocarbon containing a C=C bond present at the site of condensation. 
Evidence was provided for this pathway by the identification that the carbon-
chain length of the most abundant hydrocarbon in cellular extracts of M. luteus 
(referred to in the reports as S. lutea) - a C29 monoene containing branched 
methyl groups at either end - was equal to one C-unit less than twice the carbon 
chain length of the most abundant fatty acid - a methyl-branched C15 fatty acid 
(Albro & Dittmer, 1969a). This hypothesis was also substantiated by the 
similarities in the positions of methyl branches present in the cellular fatty acids 
and hydrocarbons (Albro & Dittmer, 1969a). The incorporation of 14C from 14C-
labeled isoleucine and acetate into anteiso-fatty acids and hydrocarbons further 
substantiated the occurrence of a pathway involving head-to-head 
condensation of a fatty acid and a decarboxylated fatty acid (Albro & Dittmer, 
1969b). The pathway model was subsequently developed through the 
identification of two distinct biochemical routes to hydrocarbons in M. luteus; 
one pathway that involved decarboxylation and one pathway that did not (Albro 
& Dittmer, 1969d). Fatty acyl-CoA thioesters were found to serve as a more 
suitable substrate than free fatty acids for the pathway involving 
decarboxylation whereas free fatty acids were the preferred substrate for the 
pathway that did not involve decarboxylation (Albro & Dittmer, 1969d). It was 
further established that the decarboxylative route was able to use the fatty acyl 
components of triglycerides, fatty acyl methyl esters and wax esters as 
substrates for the synthesis of alkanes whereas the non-decarboxylative route 
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was not capable of using these substrates (Albro et al., 1970). However, these 
original reports failed to provide suitable evidence for the intricacies of the 
pathway mechanism and consequently suitable pathway intermediates were not 
identified. Recently, better-established models of the head-to-head pathway 
were developed in a series of reports researching alkene biosynthesis in M. 
luteus  (Beller et al., 2010) and Shewanella oneidensis (Sukovich et al., 2010a; 
Sukovich et al., 2010b). Within M. luteus, the pathway was predicted to be 
initated by a decarboxylative Claisen condensation reaction involving an acyl-
CoA thioester and a β-ketoacyl-CoA thioester, forming an aliphatic diketone 
(Beller et al. 2010). The pathway was suggested to continue by dehydration of 
the diketone to form an unsaturated monoketone, followed by a succession of 
reduction and dehydration reactions, resulting in alkene formation. Within S. 
oneidensis, the preliminary condensation step was considered to occur 
between two fatty acyl-CoA thioesters in a non-decarboxylative Claisen 
condensation reaction, (Sukovich et al., 2010a; Sukovich et al., 2010b), 
contrasting with the predicted decarboxylative route in M. luteus (Beller et al. 
2010). The condensation product was then predicted to undergo spontaneous 
decarboxylation to form a monoketone. Although it is possible that S. 
oneidensis and M. luteus catalyse alkene biosynthesis through different routes, 
sufficient evidence to clarify the mechanisms of either of these pathways is yet 
to be obtained. It is therefore possible that either, or both, of these pathways 
are inaccurate. However, evidence suggesting that M. luteus is able to catalyse 
alkene synthesis through both a decarboxylative and non-decarboxylative route 
(Albro & Dittmer, 1969d) is consistent with the existence of both of the 
discussed head-to-head pathways. 
A further biochemical route to hydrocarbons has been proposed for D. 
desulfuricans in a doctoral thesis by Bagaeva (1998) (reviewed in Ladygina et 
al., 2006). However, the pathway was not originally published and the 
intricacies were poorly characterised. The pathway envisages the formation of 
formate from the reduction of bicarbonate and/or atmospheric CO2 in an 
anaerobic environment. Formate is subsequently reduced to formaldehyde or 
used to generate acetate that is then reduced to acetaldehyde. Hydrocarbon 
biosynthesis is predicted to occur via an aldol condensation reaction that 
utilises the short chain aldehydes and carbon chain elongation. However, these 
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mechanisms were poorly resolved and the reaction by which the elongated 
aldol condensates undergo functional modification to form hydrocarbons was 
not addressed. Some insight was provided by the observation that the methyl 
carbon from acetate-14C is incorporated more readily into hydrocarbons than 
the carboxyl carbon. This suggested that a decarboxylation or aldehyde 
decarbonylation reaction may be involved but, clearly, this pathway requires 
further characterisation. 
Molecular Evidence for the Biosynthesis of Aliphatic Hydrocarbons 
Determining the genetic pathways involved in hydrocarbon biosynthesis is 
paramount for the viability of industrial manufacture of microbial biofuels. 
Although the biochemical routes to hydrocarbon biosynthesis are relatively well 
characterised, understanding of the underlying genetics is still unclear. 
However, the accessibility to complete genome sequences has increased 
substantially over recent years and will likely transform our comprehension of 
the genetic pathways responsible for hydrocarbons biosynthesis in the near 
future. 
To date, the best-characterised of these genetic pathways is the 
‘elongation-decarboxylation’ route to formation of alkanes. This pathway has 
been most widely researched in Arabidopsis thaliana and was discovered 
through the identification of a number of eceriferum (cer) mutants that 
possessed deficiencies in processes leading to the synthesis of cuticular waxes 
(Koornneef et al., 1989;  McNevin et al., 1993;  Aarts et al., 1995;  Hannoufa et 
al., 1996). A total of 21 genes have been recognised as being involved in wax 
biosynthesis in A. thaliana (Koornneef et al., 1989), many of which have been 
ascribed roles through the identification of mutant phenotypes. However, the 
biochemical activity for many of the proteins encoded by these genes is yet to 
be established. 
There are two established routes to cuticular wax biosynthesis in A. 
thaliana: the alcohol pathway and the alkane biosynthesis pathway. The alcohol 
pathway is well characterised. Very long chain fatty acids are converted to 
primary alcohols by a fatty acyl-CoA reductase encoded by CER4 (Rowland et 
al., 2006). Alcohols are then used as a substrate for synthesis of wax esters in 
a reaction catalyzed by a wax ester synthase/acyl-CoA:diacylglycerol 
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acyltransferase encoded by WSD1 (Li et al., 2008b). In contrast, the alkane 
biosynthesis pathway involved in wax formation is not yet fully established 
although a number of studies have provided insight into the relevant pathway 
mechanisms. The mutant phenotypes of cer3 suggested that the gene was 
directly involved in alkane biosynthesis (Jenks et al., 1995;  Hannoufa et al., 
1996). It was later found that the reduction of fatty acyl-CoAs to aldehydes was 
inhibited in mutants of wax2 (Chen et al., 2003), an allele of cer3 (Rowland et 
al., 2007), providing evidence that the gene encodes an acyl-CoA reductase. 
However, WAX2 was further suggested to be involved in the hydroxylation of 
acyl-CoA to form cutin monomers (Chen et al., 2003) and so probably has 
broad substrate and product specificities. It is generally accepted that CER1 is 
involved immediately downstream of WAX2/CER3 in the alkane biosynthesis 
pathway and that it encodes a protein involved in an aldehyde decarbonylation 
reaction. Molecular characterisation studies found that the protein encoded by 
CER1 was involved in the conversion of long chain aldehydes to alkanes (Aarts 
et al., 1995). Furthermore, CER1 is critical in regulating alkane biosynthesis in 
A. thaliana and is co-expressed with CER3 (Bourdenx et al., 2011). However, 
conclusive evidence for the biochemical activity of CER1 is yet to be provided.  
Recently, the genetic pathway responsible for alkane biosynthesis in 
cyanobacteria was elucidated using comparative genomics (Schirmer et al., 
2010) (Fig. 1.2). The genomes of nine cyanobacterial strains that synthesised 
hydrocarbons, predominantly as heptadecane, were compared to the genome 
of a cyanobacterial strain that did not synthesise hydrocarbons - 
Synechococcus sp. PCC7002 - in order to identify candidate genes that may be 
involved in alkane formation. The genomic screen identified two open reading 
frames (ORFs), represented by PCC7942_orf1593 and PCC7942_orf1594 of 
Synechococcus elongatus PCC7942, as being potentially involved in alkane 
synthesis. These genes were consequently cloned and expressed in E. coli. A 
series of fatty aldehydes and alcohols were present in cellular extracts of E. coli 
expressing PCC7942_orf1594 that were not present in the wild-type E. coli. In 
addition, alkanes were observed in cellular extracts of E. coli co-expressing 
PCC7942_orf1594 and PCC7942_orf1593. It was demonstrated that 
PCC7942_orf1594 encoded an acyl-ACP reductase that catalyzed the 
reduction of acyl-ACP and acyl-CoA to the corresponding aldehyde utilising 
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NADPH as the reductant. Nomenclature of the enzyme was chosen because 
acyl-ACP was a more kinetically favourable substrate. PCC7942_orf1593 
encoded an aldehyde decarbonylase (AD) that was responsible for the 
decarbonylation of fatty aldehydes to alkanes and was assumed to produce CO 
as a co-product. However, characterisation of the Nostoc punctiforme and 
Prochlorococcus marinus MIT9313 ADs determined that the co-product of 
cyanobacterial aldehyde decarbonylation is formate (Das et al., 2011; Warui et 
al., 2011). Interestingly, the conditions for optimal activity of N. punctiforme AD 
and P. marinus AD were markedly different.  N. punctiforme AD utilised O2 as a 
co-substrate in the formation of alkanes and was not active in an anaerobic 
conditions (Li et al., 2011) whereas the activity of P. marinus AD was 
approximately 40 % greater when assayed in the absence of oxygen (Das et 
al., 2011). The reaction rate of the anaerobic mechanism of aldehyde 
decarbonylation in P. marinus AD was 100-1000 times higher than the oxygen-
dependent reaction employed by N. punctiforme AD (Das et al., 2011). It is yet 
to be determined whether cyanobacterial ADs are able to catalyze the formation 
of alkanes through multiple mechanisms or whether substrate specificities are 
different between strains. However, it is certain that the biochemical activities of 
cyanobacterial ADs are very different to other previously characterised AD 
enzymes (Cheesbrough & Kolattukudy, 1988;  Dennis & Kolattukudy, 1992, 
Aarts et al., 1995). 
The critical genes underlying the head-to-head condensation pathway 
were recently elucidated through the identification of a three-gene cluster in M. 
luteus (Fig. 1.2) (homologous to the oleABCD operon of Strenotophomonas 
maltophilia) which when cloned into in a strain of E. coli that overproduced fatty 
acids, induced alkene biosynthesis (Beller et al. 2010). Expression of oleA 
alone was not sufficient for alkene synthesis but instead resulted in the 
production of aliphatic monoketones. This observation gave evidence to 
suggest that OleA is involved directly in the condensation step of the pathway. 
The authors predicted that the enzyme catalysed the decarboxylative 
condensation of a β-ketoacyl-CoA thioester with a fatty acyl-CoA thioester 
(Beller et al. 2010). A pair of independent reports researching alkene synthesis 
in S. oneidensis (Sukovich et al., 2010a; Sukovich et al., 2010b) further 
substantiated that OleA is involved directly in the condensation reaction. 
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However, the absence of contiguous genes to the oleABCD operon encoding 
enzymes predicted to be involved in the generation of a β-ketoacyl chain led the 
authors to consider that OleA functions in the catalysis of a non-decarboxylative 
condensation of two fatty acyl-CoA thioesters in the bacterium (Sukovich et al., 
2010b). Deletion of oleC in S. oneidensis resulted in a strain that no longer 
synthesised alkenes but instead produced a structurally analogous ketone, 
giving evidence to suggest that OleC is involved in catalysing the formation of 
alkenes from monoketones (Sukovich et al., 2010a). However, confirmation of 
function for both OleA and OleC is yet to be obtained. Moreover, potential 
functional roles for OleB and OleD are yet to be elucidated 
The development of cost efficient systems for the industrial manufacture of 
biofuels is reliant upon advancements in gene regulation, protein engineering 
and the manipulation of metabolic pathways (Fortman et al., 2008). Bacteria are 
the most pliant biological systems and consequently represent the most suitable 
organisms in which to study alkane biosynthesis. However, the genetic 
pathways by which non-photosynthetic bacteria synthesise hydrocarbons are 
poorly resolved. There is an obvious necessity to research these pathways in 
order to gain further insight into the mechanisms by which these bacteria 
synthesise hydrocarbons in order to determine their potential as candidate 
species to be utilised in the industrial manufacture of microbial biofuels. 
Fatty Acid Biosynthesis in Bacteria 
Long-chain fatty acids are proven to be precursors in the biosynthesis of 
aliphatic hydrocarbons in bacteria (Albro & Dittmer, 1969b;  Park, 2005;  
Schirmer et al., 2010). An understanding of the pathways leading to fatty acid 
synthesis is therefore imperative for determining regulatory mechanisms for the 
formation of alkanes. Bacteria conduct the synthesis of fatty acids using a 
highly conserved selection of monofunctional enzymes that are collectively 
termed the type II fatty acid synthase (FAS-II) system (Rock & Jackowski, 
2002). This is considerably different to the mammalian type I fatty acid synthase 
(FAS-I) systems which consists of a single multifunctional enzyme capable of 
carrying out all the necessary catalytic functions for synthesis of long-chain fatty 
acids (Smith, 1994). In bacteria, fatty acid biosynthesis has been most 
comprehensively researched in E. coli (Fig. 1.3). 
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Fig. 1.3 (A) Fatty Acid Biosynthesis in Escherichia coli 
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PATHWAY           ENZYME AND ACTIVITY 
Acc Acetyl Co-A carboxylase 
   AccA   Carboxyltransferase 
   AccB   Biotin carboxyl carrier protein 
   AccC   Biotin carboxylase 
   AccD   Carboxyltransferase 
FabD Malonyl-CoA:ACP transacylase 
FATTY ACID INITIATION 
FabH β-ketoacyl-ACP synthase III 
FabG β-ketoacyl-ACP reductase 
FabA β-hydroxyacyl-ACP dehydratase 
FabZ β-hydroxyacyl-ACP dehydratase II 
FabI 2-trans enoyl-ACP reductase 
FabB β-ketoacyl-ACP synthase I 
FATTY ACID CHAIN 
ELONGATION 
FabF β-ketoacyl-ACP synthase II 
PlsB Acyl-ACP:sn-glycerol-3-phosphate 1-O-acyltransferase 
PlsC Acyl-ACP:1-acyl-sn-glycerol-3-phosphate 2-O-acyltransferase MEMBRANE PHOSPHOLIPID 
SYNTHESIS 
CdsA CTP:phosphatidate cytidylyltransferase 
TesA Thioesterase I SYNTHESIS OF FREE FATTY 
ACIDS TesB Thioesterase II 
FadL Long-chain fatty acid transport protein 
ACYL-COA SYNTHESIS 
FadD AMP-forming acyl coenzyme A synthetase (fatty acid:CoA ligase) 
Fig. 1.3 (B)  Fatty Acid Biosynthesis in Escherichia coli 
The diagram shown in Fig. 1.3 (A) is a schematic representation of fatty acid initiation, 
elongation, and degradation that comprise the fatty acid metabolic pathway in E. coli.  The table 
in Fig. 1.3 (B) summarises the enzymes that are shown in red in Fig. 1.3 (A). Individual units of 
multimeric enzymes are shown in grey. 
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        The initial step in E. coli fatty acid synthesis involves the formation of 
malonyl-CoA from acetyl-CoA in a carboxylation reaction catalyzed by acetyl-
CoA carboxylase (Acc) (Guchhait et al., 1974). The enzyme is a heterotetramer 
consisting of a biotin carboxylase, a biotin carboxyl carrier protein and two 
carboxyltransferases that are encoded by accC, accB and accA/accD 
respectively (Li & Cronan, 1992). Increased expression of acetyl-CoA 
carboxylase results in increased levels of fatty acids, highlighting the 
importance of its transcriptional regulation in controlling fatty acid synthesis 
(Davis et al., 2000). Malonyl-CoA is subsequently ‘activated’ by exchange of the 
carrier protein for acyl carrier protein (ACP) which attaches itself to the malonyl 
moiety through a thioester link from its 4’-phosphopantetheine prosthetic group 
(Majerus et al., 1965). The reaction is catalyzed by malonyl-CoA:ACP 
transacylase (FabD) and is essential for supplying malonyl-ACP for initiation of 
fatty acid synthesis and proceeding rounds of chain elongation (Verwoert et al., 
1992). Cycles of chain elongation are commenced by the formation of 
acetoacyl-ACP by β-ketoacyl-ACP synthase III (FabH) through a Claisen 
condensation reaction between malonyl-ACP and acetyl-CoA (Daines et al., 
2003). FabH was recently found to be an indispensible pathway enzyme (Lai & 
Cronan, 2003). Fatty acid chain elongation proceeds through a series of 
intermediates carried by ACP. Acetoacyl-ACP is initially reduced to                   
β-hydroxacyl-ACP through an NADPH-dependent reaction catalyzed by           
β-ketoacyl-ACP reductase (FabG) (Lai & Cronan, 2004). For subsequent 
rounds of elongation β-ketoacyl-ACPs serve as the substrate for this enzyme. 
The cycle progresses by dehydration of the β-hydroxacyl-ACP to trans-2-enoyl-
ACP, catalyzed by either of two β-hydroxyacyl-ACP dehydratase isoforms, 
FabA or FabZ. These enzymes essentially have the same function although 
they have different substrate specificities; FabA preferably utilises intermediate 
chain length β-hydroxacyl-ACPs whereas FabZ is most active upon short chain 
and long chain hydroxacyl-ACPs (Heath & Rock, 1996c). In addition, FabA is 
capable of isomerising trans-2-decenoyl-ACP to cis-3-decenoyl-ACP in a 
reaction used for the synthesis of long chain cis-fatty acids (Schwab & Klassen, 
1984). The cycle is completed by the NADPH-dependent reduction of the trans-
2-enoyl-ACP to an acyl-ACP by a 2-trans enoyl-ACP reductase (FabI) (Bergler 
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et al., 1994). The equilibrium for the preceding reaction catalyzed by FabA and 
FabZ lies in favour of the β-hydroxyacyl-ACP intermediate (Heath & Rock, 
1995). Catalysis of acyl-ACP formation by FabI is therefore important for shifting 
the equilibrium of the preceding reaction in favour of the 2-trans enoyl-ACP to 
pull the reaction to completion. The continuation of elongation cycles is 
regulated by β-ketoacyl-ACP synthase I (FabF) or β-ketoacyl-ACP synthase II 
(FabB) that catalyze the formation of β-ketoacyl-ACPs from acyl-ACPs (Garwin 
et al., 1980b). The two enzymes function similarly although FabB is important in 
elongation cycles for the formation of unsaturated fatty acids (Magnuson et al., 
1993) whilst FabF is thought to primarily function in elongation cycles for the 
formation of cis-fatty acids (Garwin et al., 1980a). Neither FabB or FabF are 
able to elongate fatty acids above a chain length of 22 carbons (Rock & 
Jackowski, 2002). The enzymes contained in the E. coli FASII could not 
therefore be alone responsible in the formation of direct precursors for alkanes 
above C21 in chain length through an elongation-decarboxylation pathway. 
Regulation of bacterial fatty acid biosynthesis is complex, with the pathway 
possessing a number of points targeted by feedback inhibition. The catalytic 
function of Acc is significantly inhibited by fatty acyl-ACPs and is not affected by 
ACP without an acyl moiety (Davis & Cronan, 2001). Completion of elongation 
cycles therefore modulates fatty acid synthesis by limiting cellular levels of 
malonyl-CoA. Consequently, this regulates the supply of malonyl-ACP for chain 
elongation. FabH is also important in regulating fatty acid cycles through 
feedback inhibition by determining the supply of acetoacyl-ACP entering 
elongation cycles (Heath & Rock, 1996b;  Choi et al., 2000). FabI is a third 
protein important in regulating fatty acid synthesis and provides a site of 
feedback inhibition in the elongation cycle. The reductase activities of the 
enzyme have shown to be inhibited by both palmitoyl-CoA (Bergler et al., 1996) 
and long chain acyl-ACPs (Heath & Rock, 1996a). 
There are a number of destinations for fatty acids in bacteria and 
consequently there are a number of different pathways acting downstream of 
FAS-II. Most commonly, bacteria utilise cellular fatty acids in the formation of 
membrane phospholipids. This can occur through one of two independent 
pathways. In one pathway, acyl-ACP:sn-glycerol-3-phosphate 1-O-
acyltransferase (PlsB)  (Lightner et al., 1980), acyl-ACP:1-acyl-sn-glycerol-3-
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phosphate 2-O-acyltransferase (PlsC) (Coleman, 1990) and CdsA (cytidine 
triphosphate (CTP):phosphatidate cytidylyltransferase) (Dowhan, 1997) 
catalyze the formation of cytidine diphosphate (CDP)-diglyceride from fatty acyl-
ACPs and sn-glycerol-3-phosphate. CDP-diglyceride is then incorporated into 
the phosphatidylethanolamine and phosphatidylglycerol (White et al., 1971). 
The alternative pathway uses fatty acyl-ACPs to form membrane phospholipids, 
notably, lysophosphatidic acid, using the glycerol-3-phosphate acyltransferases 
PlsX and YgiH (orthologous to Bacillus subtilis PlsY) (Yoshimura et al., 2007;  
Zhang & Rock, 2008). Fatty acyl-ACP thioesters are also involved in the 
formation of other membrane proteins such as lipid A (Anderson et al., 1985). 
In many bacteria, fatty acids are metabolised by β-oxidation (Alvarez, 
2003;  Iram & Cronan, 2006). The pathway generates acetyl-CoA and ATP from 
fatty acyl-CoA thioesters by utilising a series of fatty acid degradation (Fad) 
enzymes (Iram & Cronan, 2006). The fatty acyl-CoA substrates for β-oxidation 
are formed from acyl-ACP thioesters through a series of reactions involving 
thioesterase and ligase enzymes. Acyl-Acp thioesters produced from FAS-II are 
initially hydrolyzed by thioesterase I (TesA) to form fatty acids (Cho & Cronan, 
1995). The free fatty acids are then used to generate acyl-CoA thioesters for β-
oxidation using a transportation protein (FadL) (Black et al., 1985) and a 
membrane-associated AMP-forming acyl-CoA synthetase (FadD) (Black et al., 
1992). Acyl-CoAs can also be utilised to reform free fatty acids through a 
hydrolysis reaction catalyzed by thioesterase II (TesB) (Naggert et al., 1991). 
However, TesA and TesB are likely to possess some degree of substrate 
overlap as both enzymes are capable of hydrolysing acyl-CoA and acyl-ACP 
thioesters (Spencer et al., 1978).  
Fatty Acid Biosynthesis in Mycobacteria 
The mycobacteria are distinct within bacteria because they contain both a 
mammalian-type FAS-I and a bacterial FAS-II; each system performing a 
different function in the synthesis of fatty acids (Cole et al., 1998) (Fig. 1.4). The 
necessity for two discrete FAS systems is probably due to the structural 
complexity of the mycolic acids - long-chain α-alkyl, β-hydroxy fatty acids - 
contained in mycobacterial cell walls. Mycolic acids generally contain 60-90 
carbon atoms and have been predicted to possess a functional role in the 
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Fig. 1.4 (A)  Fatty Acid Biosynthesis in Mycobacteria 
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PATHWAY                 ENZYME AND ACTIVITY 
Acc Acetyl Co-A carboxylase 
FabD Malonyl-CoA:ACP transacylase FATTY ACID INITIATION 
FabH β-ketoacyl-ACP synthase III 
DE NOVO FATTY ACID SYNTHESIS Fas Fatty acid synthase 
MabA β-ketoacyl-ACP reductase 
HadAB β-hydroxyacyl-ACP dehydratase 
HadBC β-hydroxyacyl-ACP dehydratase 
InhA 2-trans Enoyl-ACP reductase 
KasA β-ketoacyl-ACP synthase I 
FATTY ACID CHAIN ELONGATION 
KasB β-ketoacyl-ACP synthase II 
Fig. 1.4 (B)  Fatty Acid Biosynthesis in Mycobacteria 
The diagram in Fig 1.4 (A) is a schematic representation of fatty acid initiation, elongation, and 
degradation that comprise the fatty acid metabolic pathway in mycobacteria.  The table in Fig. 
1.4 (B) summarises the enzymes that are shown in red in Fig. 1.4 (A).  
CHAPTER 1 –  INTRODUCTION 
  38 
regulation of fluidity of the cell wall (Liu et al., 1996;  Daffe & Draper, 1998). The 
de novo synthesis of fatty acids in mycobacteria is mediated strictly by the FAS-
I system which employs a single multifunctional enzyme (Fas) that carries out 
the synthesis of fatty acyl-CoAs from acetyl-CoA and malonyl-CoA (Brindley et 
al., 1969). The system carries all intermediates in elongation cycles as CoA 
thioesters and produces C16:0-C18:0 and C24:0-C26:0 acyl-CoAs in a bimodal 
distribution (Bloch, 1977). The C16:0-C18:0 acyl-CoAs function either as 
substrates for the synthesis of the meromycolic acids through FAS-II or as 
substrates for the production of membrane phospholipids whereas the C24:0-
C26:0 acyl-CoAs are primarily incorporated into mycolic acids as the α-branch 
following carboxylation by Acc (Bloch & Vance, 1977;  Gago et al., 2011). 
However, the carbon chain length of the mycolic acid-bound acyl-CoAs appears 
to be dependent upon species; Mycobacterium tuberculosis synthesises 
predominantly C26:0 acyl-CoA (Kikuchi et al., 1992) whereas the synthesis of 
C24:0 acyl-CoA is more favourable in Mycobacterium smegmatis (Peterson & 
Bloch, 1977). 
In similarity to E. coli FAS-II, the commitment step for FAS-I fatty acid 
synthesis involves formation of malonyl-CoA from acetyl-CoA using Acc. 
Malonyl-CoA is then used directly in FAS-I and does not require an exchange of 
carrier protein to function in elongation of the carbon chain (Kikuchi & Kusaka, 
1984). However, alternative elongators can be utilised by mycobacteria. It was 
discovered that M. bovis FAS-I utilises both methylmalonyl-CoA and malonyl-
CoA to form long chain acyl-CoAs (Rainwater & Kolattukudy, 1985). This 
provided insight into how bacteria can regulate the formation of branched fatty 
acids. The Fas enzyme is utilised solely for catalysing cycles of chain 
elongation in mycobacterial de novo fatty acid synthesis. The enzyme 
possesses the seven distinct catalytic domains necessary for carrying out all the 
required catalytic activities in the elongation of fatty acids and catalyzes the 
formation of fatty acyl-CoAs in a manner similar to FAS-II (Marrakchi et al., 
2008). FAS-II is predominantly utilised by mycobacteria to synthesise very long 
chain fatty acyl-ACP thioesters which are used as substrates for the formation 
of the meromycolates that form the β-branch of mycolic acids (Marrakchi et al., 
2008). Mycobacterial FAS-II is similar to E. coli FAS-II with a few notable 
exceptions. Primarily, the FAS-II of mycobacteria is incapable of de novo fatty 
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acid synthesis and instead utilises C16:0-C18:0 acyl-CoAs derived from FAS-I as 
substrates for the formation of β-ketoacyl-ACPs. The crystal structures of M. 
tuberculosis FabH and E. coli FabH possess sequence differences in the 
inferred binding channel II of the active site (Scarsdale et al., 2001), explaining 
the difference in the carbon chain length of substrates for this enzyme in E. coli 
and mycobacteria. Furthermore, mycobacteria do not possess FabA or FabZ 
homologues. Instead they possess three genes (hadA, hadB and hadC) 
encoding proteins involved in the formation of two heterodimers (HadAB and 
HadBC) that catalyze the desaturation of β-hydroxyacyl-ACPs (Sacco et al., 
2007). Notably, the mycobacterial FAS-II is distinct from E. coli FAS-II as it is 
capable of synthesising fatty acyl-ACPs of far greater carbon chain length than 
E. coli FAS-II owing to the substrate specificities of the relevant enzymes 
involved in each pathway, synthesising acyl-ACPs up to C56 (Qureshi et al., 
1984). 
The formation of acyl-CoA for β-oxidation in mycobacteria is predicted to 
be more complex than in E. coli in account that that genome of Mycobacterium 
tuberculosis H37Rv possesses 36 genes encoding acyl-CoA synthases (Cole et 
al., 1998). Many of the biochemical activities of these acyl-CoA synthases have 
yet to be determined. However, two separate M. tuberculosis fadD genes long-
chain fatty acyl-AMP ligases were shown to be capable of activating fatty acids 
in the form of acyl-adenylates (Trivedi et al., 2004). This represented an 
alternative mode of fatty acid activation to the formation of acyl-CoA thioesters. 
Bacterial alkanes can be derived directly from free fatty acids, fatty acyl-
CoA thioesters (Albro & Dittmer, 1969d) or fatty acyl-ACP thioesters (Schirmer 
et al., 2010). It is therefore probable that both fatty acid biosynthesis and fatty 
acid metabolic pathways are important in regulating alkane formation in 
bacteria. However, the manner in which fatty acid biosynthesis and metabolic 
pathways interact with hydrocarbon biosynthesis pathways remains largely 
unknown, especially in non-photosynthetic bacteria. It is clear that a 
comprehension of these interactions is vital in understanding how bacteria 
regulate the formation of alkanes. 
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Rationale 
Royal Dutch Shell is the largest producer of biofuels globally. Biofuel 
manufacture at Shell is currently sugar cane-based ethanol, lignocellulosic 
ethanol and vegetable oil-derived FAMEs. Shell possesses a strong interest in 
maintaining its status as market leader and research into advanced generation 
and ‘drop-in’ biofuels is considered a key element of its commercial strategy. 
While the microbes used for the industrial production of bioethanol are highly 
characterised, microbial biosynthesis of hydrocarbons is not yet well understood 
at the molecular and biochemical levels. This knowledge is crucial for the 
deployment of hydrocarbon-synthesising microbes as industrial biocatalysts. 
Moreover, the majority of the literature concerning alkane production in 
microbes is old, and current analytical and biomolecular tools allow for a timely 
reappraisal of alkane biosynthesis in bacterial strains and for investigation into 
the molecular basis of bacterial alkane production. 
Shell Research Ltd. perceived a need for rapid and precise assessment 
methods for the identification of potential candidate alkane-producing bacterial 
strains using modern molecular and biochemical techniques. To address this 
requirement,  this project investigated alkane production in two bacteria that 
were of particular interest to Shell’s commercial activities: Mycobacterium sp. 
NCIMB 10403 and Desulfovibrio desulfuricans. This investigation used single-
dimensional and two-dimensional gas chromatography for a sensitive and 
rigorous analysis of alkane production in Mycobacterium sp. NCIMB 10403, D. 
desulfuricans NCIMB 8307, D. desulfuricans NCIMB 8312 and D. desulfuricans 
NCIMB 8326. Furthermore, a Nile red staining procedure was employed to 
provide a high-throughout method for determining and optimising lipid synthesis 
in Mycobacterium sp. NCIMB 10403 and other closely related bacterial strains. 
Shell were also interested in developing an understanding of the mechanisms 
by which microbes genetically regulate alkane biosynthesis. A gene expression 
analysis using microarray data obtained for two strains of D. desulfuricans was 
therefore performed to investigate these objectives. 
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CHAPTER 2  –   LIPID AND HYDROCARBON BIOSYNTHESIS IN 
MYCOBACTERIUM SP. NCIMB 10403 
2.1 Introduction 
The Corynebacterineae is a suborder of mycolic acid-containing bacteria 
situated within the Actinomycetales that was originally proposed to consist of six 
families: Corynebacteriaceae, Dietziaceae, Gordoniaceae, Mycobacteriaceae, 
Nocardiaceae and Tsukamurellaceae, (Stackebrandt et al., 1997). Recently, the 
Corynebacterineae has been extended with the addition of the two novel 
bacterial families Williamsiaceae (Kampfer et al., 1999) and Segniliparaceae 
(Butler et al., 2005). The suborder is composed of both Gram-positive and 
Gram-variable bacteria that commonly contain a high genomic G+C content and 
comprises of many of the acid-fast bacteria (Stackebrandt et al., 1997). In 
recent years, the metabolism of the Corynebacterineae has generated great 
interest, most notably for gaining insight into the diverse capabilities of their 
catabolic pathways. Representatives of the taxon are able to degrade a wide 
array of xenobiotics including polycyclic hydrocarbons (Willumsen et al., 2001), 
herbicides (Nagy et al., 1995), rubber (Linos et al., 2002) and car engine oil 
(Koma et al., 2003). The potential application of these bacteria in 
bioremediation programs has consequently been proposed (Rodgers et al., 
1999;  Bogan et al., 2003). The understanding of biosynthetic pathways of the 
Corynebacterineae, especially with regard to lipid formation, is also of 
considerable interest. The synthesis of mycolic acids is essential for cellular 
proliferation of mycobacteria and other Corynebacterineae. Consequently, an 
understanding of mycolic acid synthesis has provided suitable targets for 
antibiotic development in the treatment of infections by Mycobacterium 
tuberculosis and Mycobacterium leprae, the causative agents of tuberculosis 
and leprosy, respectively (Phetsuksiri et al., 1999;  Gebhardt et al., 2007).  The 
presence and distribution of mycolic acids is also of taxonomic value and is of 
great assistance in phylogenetic classifications (Collins et al., 1982; Butler & 
Guthertz, 2001). Many Corynebacterineae also synthesise appreciable 
quantities of cytoplasmic lipids and are accordingly considered oleaginous, a 
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rarity in the bacterial kingdom. Mycobacterium smegmatis and Mycobacterium 
tuberculosis synthesise intracellular lipophilic inclusions containing a large 
abundance of triacylglycerides (TAGs) when in the stationary phase of growth 
(Garton et al., 2002). In addition, Gordonia sp. DG was reported to accumulate 
up to 72 % of its dry cellular mass as TAGs when grown on a number of 
different carbon sources derived from agro-industrial wastes (Gouda et al., 
2008). Further strains of Corynebacterineae are also documented to synthesise 
substantial quantities of storage lipids, such as isolates of Rhodococcus 
(Alvarez et al., 1996;  Alvarez et al., 2000) Nocardia, and Dietzia (Alvarez & 
Steinbuchel, 2002). Consequently, many of these bacteria have been proposed 
as potential candidates for single-cell oil production (Waltermann et al., 2000;  
Gouda et al., 2008). However, very few Corynebacterineae strains possess a 
potential to be directly involved in the production of ‘drop-in’ fuels in account 
that they do not generally synthesise hydrocarbons. 
Mycobacterium sp. NCIMB 10403 was isolated from Welsh upland moor 
soils and was documented to accumulate up to 19.3 % of its cellular dry mass 
as lipids (Jones & Edington, 1968;  Jones, 1969). Moreover, the bacterium also 
appeared to have the unusual ability to synthesise appreciable quantities of 
intracellular alkanes, thereby distinguishing it from other lipid-accumulating 
Corynebacterineae. Jones documented that when cultured in tryptone-soya 
medium the bacterium yielded 19.3 % (w/w) lipids and 2.14 % (w/w) alkanes 
and when cultured in a basal succinate medium deficient in nitrate the 
bacterium yielded lower quantities of lipid (15.1 % (w/w)) but higher quantities of 
alkanes (2.69 % (w/w)) (Jones, 1969). The alkane carbon chain length 
distributions in the extracts of these cultures existed in the range C16-C31 and 
predominantly consisted of C26-C29 alkanes. The even:odd carbon preference 
indices reported differed depending upon the media; cultures grown in TS 
medium predominantly produced Codd alkanes and cultures grown in BSM- 
mainly produced Ceven alkanes. However, the significance of chain length 
preference by the bacterium was not confirmed. These results provided 
evidence that Mycobacterium sp. NCIMB 10403 is a particularly suitable 
candidate in which to analyse the biochemical and genetic pathways involved in 
bacterial alkane biosynthesis and has the potential to produce both single-cell 
oil and ‘drop-in’ biofuels. 
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This study aimed to confirm that Mycobacterium sp. NCIMB 10403 
synthesises alkanes by culturing the bacterium according to Jones (Jones, 
1969). It was also intended to maximise lipid and alkane synthesis by the 
bacterium through media optimisation. Ultimately, I aimed to provide a suitable 
framework for analysis of the genetic pathways involved in bacterial alkane 
biosynthesis. The results provided evidence that cultures derived from the 
lyophilised sample of Mycobacterium sp. NCIMB 10403 contained two different 
strains of bacteria, a Gordonia sp. and a Bacillus sp. These cultures did not 
show the presence of alkanes above trace concentrations. A phylogenetic 
analysis based upon 16s rRNA sequences provided evidence that the Gordonia 
sp. was a strain of Gordonia paraffinivorans and that it was probably the 
bacterium originally characterised by Jones as Mycobacterium sp. NCIMB 
10403 based upon phenotypic observations. The Bacillus sp. was considered a 
contaminating bacterium due to the genetic divergence between bacilli and 
mycobacteria and was largely excluded from this study in account of the low 
lipid levels detected in cultures of this bacterium. Alkanes were not detected in 
cellular extracts obtained from pure cultures of the Gordonia sp. derived from 
the Mycobacterium sp. NCIMB 10403 sample. An inter-species comparison of 
lipid yield using a lipophilic dye identified a strain of Gordonia terrae that was 
capable of synthesising high quantities of lipids when cultured in a phosphate- 
and nitrogen-limiting media. However, this bacterium did not synthesise alkanes 
either. An attempt to identify and isolate alkane-synthesising bacteria from 
environmental samples obtained from the site from which the Mycobacterium 
sp. NCIMB 10403 sample was acquired also proved unsuccessful. 
2.2. Materials and Methods 
2.2.1  Strains and Culture Conditions  
Lyophilised samples of Mycobacterium sp. NCIMB 10403 and Bacillus 
licheniformis (T) were obtained from NCIMB. Gordonia paraffinivorans HD321 
(T), Gordonia terrae DSM 43342 and Mycobacterium smegmatis (T) were 
obtained from DSMZ. A Paracoccus sp. was isolated from environmental soil 
samples as described in Section 2.2.2. Strains were cultured in tryptone soya 
(TS) medium (17 g l-1 tryptone; 5 g l-1 NaCl; 3 g l-1 soytone; 2.5 g l-1 glucose;  
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2.5 g l-1 K2HPO4) Luria-Bertani (LB) medium (10 g l-1 tryptone; 10 g l-1 NaCl;       
5 g l-1 Oxoid yeast extract), basal succinate medium deficient in KNO3 (BSM-) 
(Jones, 1969) (10 g l-1 Na succinate; 2 g l-1 (NH4)2SO4, 1.5 g l-1 K2HPO4; 1 g l-1 
Oxoid yeast extract; 0.5 g l-1 KH2PO4; 0.2 g l-1 MgSO4.7H2O; 0.1 g l-1 NaCl;   
0.01 g l-1 FeCl3), REX medium (BSM- containing a modified trace element 
solution (Park et al., 2001) [media concentrations of: 10 mg l-1 FeSO4.7H2O;  
2.8 mg l-1 H3BO3; 2.1 mg l-1 MnSO4.H2O; 2 mg l-1 EDTA.Na2.2H2O; 750 µg l-1 
CaCl2.2H2O; 750 µg l-1 Na2MoO4.2H2O; 240 µg l-1 ZnSO4.7H2O; 40 µg l-1 
Cu(NO3)2.2H2O; 25 µg l-1 CoCl; 25 µg l-1 Na2SeO3; 25 µg l-1 p-aminobenzoic 
acid; 25 µg l-1 biotin; 25 µg l-1 nicotin; 25 µg l-1 thiamine-HCl; pH 7.2]) and RAC 
medium (10 g l-1 Na succinate; 1g l-1 Oxoid yeast extract; 0.2 g l-1 MgSO4.7H2O; 
0.1 g l-1 NaCl; 0.065 g l-1 K2HPO4; 0.05 g l-1 NH4Cl; 0.01 g l-1 FeCl3). Media used 
for agar plate cultures contained 15 g l-1 Agar no. 2 (Oxoid).  All media were 
adjusted to pH 7.2 – 7.4 prior to autoclaving. The trace element solution was 
prepared as a 1000x concentrated stock and was filter-sterilised using a 0.2 µm 
filter. It was added to the relevant media subsequent to autoclaving. Tables 
displaying the media ingredients can be viewed in Appendices 2.1 and 2.2. 
All Gordonia, Mycobacterium, Bacillus and Paracoccus strains were 
cultured at 25 °C. Mycobacterium smegmatis was cultured at 37 °C. Liquid 
cultures were incubated with shaking at 175 rpm. Cultures for growth analyses 
used 10 ml media in 50 ml falcon tubes. Cultures for lipid analysis using the Nile 
red assay used either 3 ml media in 15 ml falcon tubes or 10 ml media in 50 ml 
falcon tubes. Cultures for analysis using GC-MS used 1 l media in 3 l conical 
flasks. All cultures were prepared as 2 % inocula. All strains were maintained as 
frozen stocks in 15 % glycerol at -80 °C. 
2.2.2  Isolation of Bacterial Strains from Environmental Soil Samples  
Two separate soil samples were taken from the site from which Jones & 
Edington isolated Mycobacterium sp. NCIMB 10403 (Grid reference SN. 
932118) (Jones & Edington, 1968), from a depth of approximately 1 m. The 
samples were immediately stored on ice for transportation. Samples were 
prepared by adding 5 g of soil to 100 ml deionised water and mixed vigorously 
for 10 min using a vortex before passing successively through 100 µm, 50 µm 
and 20 µm filters. Nile red reagent was added to samples at a final 
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concentration of 3 µM before using fluorescence-activated cell sorting (FACS) 
(described in Section 2.2.13) to select cells with the highest fluorescence. 
Harvested cells were subsequently cultured on LB agar. For each sample, 3 
agar plate cultures were inoculated using 500, 5, 000 or 50, 000 FACS events 
per culture.  Inocula were incubated for 3 days at 25 °C. Any colonies present in 
cultures displaying a similar colony morphology (rough-textured and orange in 
colour) to those obtained for Mycobacterium sp. NCIMB 10403 cultures were 
subcultured in LB medium and identified based upon their 16s rDNA using 
procedures described in Section 2.2.3. A further 20 colonies were subsequently 
selected from each agar plate culture possessing between 30 and 300 colonies 
and, along with colonies resembling those of Mycobacterium sp. NCIMB 10403, 
were subcultured into LB medium and grown at 25 °C with shaking at 175 rpm. 
These cultures were analysed for cellular fluorescence using the Nile red 
staining assay described in Section 2.2.7. 
2.2.3  DNA Extraction and In Vitro DNA Amplification.  
DNA extraction from bacteria was performed using a Gen-Elute bacterial 
genomic DNA kit (Sigma) according to the manufacturers instructions. Cell lysis 
was performed using lysozyme and proteinase K.  
In vitro amplification of DNA using the polymerase chain reaction (PCR) 
for denaturing gradient gel electrophoresis (DGGE) was undertaken using 
primers “2” (5’-ATTACCGCGGCTGCTGG-3') and “3” primer (5'-
CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGG
GAGGCAGCAG-3') (Muyzer et al., 1993). PCR conditions consisted of an initial 
denaturing phase of 5 min at 94 °C followed by 30 cycles of 30 s at 94 °C, 30 s 
at 55 °C and 30 s at 72 °C. The reaction was completed by a final extension 
period by heating to 72 °C for 5 min. 
PCR amplification for 16s rDNA sequencing was undertaken using primers 
63F (5′-CAGGCCTAACACATGCAAGTT-3’) and 1389R (5′- ACGGGCGGTGT 
GTACAAG-3) (Hongoh et al., 2003). PCR conditions consisted of an initial 
denaturing phase of 5 min at 94 °C followed by 30 cycles of 60 s at 94 °C, 60 s 
at 55 °C and 2 min at 72 °C. The reaction was completed by a final extension 
period by heating to 72 °C for 10 min. The amplified products were 
subsequently sent to Cogenics for sequencing. 
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2.2.4  16s rDNA Sequencing and Alignments.  
Consensus 16s rDNA sequences were assembled from the sequenced 
PCR products using primers 63F and 1389R with the Cap3 sequence assembly 
program (Huang & Madan, 1999). Sequences were compared to the GenBank 
non-redundant nucleotide collection using megaBLAST software to identify 
bacterial strains possessing the strongest sequence homologies. Multiple 
sequence alignments were performed using Clustal W2 software using the 
default settings (Larkin et al., 2007). 
2.2.5  Phylogenetic Analysis 
A maximum-likelihood phylogenetic tree based upon bacterial 16s rDNA 
sequences was constructed using the phylogeny.fr online program (Dereeper et 
al., 2008). Multiple alignments were performed by MUSCLE software using 
parameters designated by “full mode” with a maximum of 16 iterations (Edgar, 
2004). Gblocks software was used to remove poorly aligned positions and 
divergent regions in addition to manual alteration (Castresana, 2000). 
Construction of the tree was performed using PhyML software (Guindon & 
Gascuel, 2003;  Anisimova & Gascuel, 2006). Bootstrapping values were based 
upon 500 replications and tree branches were collapsed where branch support 
value was less than 50%. Representation of the phylogenetic tree was 
performed using TreeDyn software (Chevenet et al., 2006).  
2.2.6  Denaturing Gradient Gel Electrophoresis  
Denaturing gradient gel electrophoresis (DGGE) was performed using a 
Dcode universal mutation detection system (Bio-Rad). An 8 % polyacrylamide 
(37.5:1 (w/v) acrylamide: bis-acrylamide) gel consisting of a 40-60 % urea-
formamide denaturing gradient was submerged in 1 x TAE buffer (40 mM acetic 
acid, 1 mM EDTA; pH 7.4) and heated to 60 °C. For each sample, 
approximately 300 ng of DNA was analysed. DGGE was performed at 130 V for 
3 h before the gel was stained and viewed. Gels were stained with ethidium 
bromide or silver nitrate. Gels stained with ethidium bromide were stained for 3 
min using 50 µg ml-1 ethidium bromide in 1 x TAE and destained for 20 min 
using 1 x TAE before viewing with UV radiation using a transilluminator.  Gels 
stained with silver nitrate were sequentially submerged for 30 min in a fixing 
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solution (20:1:200 (v/v/v) ethanol:acetic acid:H2O), 20 min in a staining solution 
(1 g l-1 AgNO3 in H2O), 10 min in a developing solution (12 g l-1 NaOH, 8 ml l-1 
formaldehyde in H2O) and 5 min in the fixing solution before viewing using a 
scanner (Cannon LiDE 600F). 
DNA was excised from gels and was crushed in 36 µl nuclease-free water 
before heating to 80 °C for 1 hour. PCR was performed using the protocol 
described in Section 2.2.3 for amplification using primers 2 and 3 using 2 µl of 
the excised band preparation as template DNA. The amplified products were 
subsequently sent to Cogenics for sequencing. 
2.2.7  Growth Analysis and Nile Red Staining 
A 250 µl aliquot from a culture was pipetted into a 96-well microtitre plate. 
The optical density (OD) and autofluorescence of each sample was then 
measured using an Infinite 200 microplate reader (TECAN Group Ltd.). A 20 µl 
aliquot of 40 µM Nile red reagent in acetone was then added to the sample. 
Cells were stained for 5 min before their fluorescent intensity was measured. 
OD was measured using a wavelength of 600 nm and fluorescence was 
measured using an excitation wavelength of 490 nm and an emission 
wavelength of 560 nm. 
The total lipids for each sample was calculated by subtracting the Nile red 
fluorescence of the respective media and the culture autofluorescence from the 
Nile Red fluorescence value obtained for the sample. Relative lipid yield (RLY) 
values were obtained by dividing the total lipid value of a sample by its OD600nm 
(OD600nm of the culture minus the OD600nm of the respective media). Samples 
that possessed an adjusted OD600nm of less than 0.2 were ignored. Maximum 
RLY values were taken as the values giving the highest mean RLY for a single 
time point of a culture over its period of growth. 
2.2.8  Harvesting Cellular Dry Mass 
Cells were harvested from cultures by centrifuging at 18,600 x g for 30 
min. The mass was then resuspended in 50 ml LC-MS H2O and washed by 
centrifuging at 3,500 x g for 30 min. Cells were then freeze-dried overnight and 
stored at -80 °C as a dry pellet.  
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2.2.9  Dichloromethane Extraction of Cellular Organic Products 
Dichloromethane (DCM) extractions for GC-MS were prepared from the 
CDM of cultures using a Dionex Accelerated Solvent Extractor. A 100 mg 
sample of the dried cells, except where otherwise noted, was ground to a fine 
powder in the presence of diatomacious earth (Dionex) using a pestle and 
mortar. The sample was then transferred into a 1 ml stainless steel Dionex 
Accelerated Solvent Extractor cell.  Lipids were extracted at a temperature of 
100 °C using DCM as the extraction solvent. The extraction protocol consisted 
of two 5 min static cycles, a 100 % rinse volume and a 60 s purge time. Sample 
solvents were evaporated under a stream of N2 gas. For all control samples, the 
same procedure was performed with the exception of adding dried cells. 
DCM extractions for GCxGC were prepared by disrupting 500 mg of 
culture CDM using a pestle and mortar. Ground CDM samples were mixed with 
5 ml DCM, sonicated at room temperature for 4 h using an operation frequency 
of 40 Khz and incubated at 4 °C overnight with shaking at 320 rpm. Samples 
were then mixed with a further 5 ml DCM and passed through a 0.1 µm filter. 
Sample solvents were evaporated under a stream of N2 gas. 
A DCM extract of G. terrae DSM 43342 for GCxGC was prepared by 
adding 5 ml of DCM diluted 1:200 with 2.2 µg ml-1 D10-phenanthrene and 5 µg 
ml-1 D8-napthalene to the CDM of a culture. Samples were sonicated at room 
temperature for for 4 h using an operation frequency of 40 Khz and passed 
through a 0.45 µm filter. They were then diluted five-fold and pipetted into an 
autosampler vial. All glassware was thoroughly rinsed with acetone and DCM 
prior to use. 
2.2.10  Preparation and Derivatisation of Dichloromethane Extracts 
Dried DCM extracts were prepared for GC-MS by redissolving in 1 ml       
5 µg ml-1 D8-naphthalene in DCM and by filtering using 13mm x 0.2 µm PTFE 
Iso-Disc filters (Supelco). Subsequently, 200 µl of sample was transferred into 
an autosampler vial. Samples were derivatised by adding 20 µl N,o-Bis 
(Trimethylsilyl) trifluoroacetamide (BSTFA) and incubating at 60 °C for 1 h.  
Dried DCM extracts were prepared for GCxGC by redissolving in 2 ml of 
10 µg ml-1 D8-napthalene in DCM. An aliquot of the sample was transferred to 
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an autosampler vial. All glassware was thoroughly rinsed with acetone and 
DCM prior to use.  
2.2.11  Gas Chromatography – Mass Spectrometry 
Separation and identification of organic products in DCM extracts was 
performed using a Trace GC-MS 2000 (Thermo Finnigan) fitted with an RTx-
5MS column (dimensions: 15 mm x 0.25 mm ID, film thickness 0.25 µm). 
Following splitless injection, an isothermal phase was performed for 2 min by 
heating to 25 °C. The GC oven was then heated at a rate of 10 °C min-1 to      
320 °C which was held for 10 min. The injector temperature remained constant 
at 250 °C and the carrier gas helium flow rate remained constant at 1 ml min-1. 
Product concentrations were estimated using the response of the 5 µg ml-1 D8-
napthalene internal standard unless otherwise noted. 
A scan range of 30-650 m/z was used for mass spectrometry using a scan 
rate of 1.6 scans s-1 and an ionisation energy of 70 eV. The detected products 
were identified provided by comparison to the NIST 98 mass spectral database. 
2.2.12  Two-dimensional Gas Chromatography – Mass Spectrometry 
Two-dimensional-gas chromatography (GCxGC) was performed using a 
LECO Pegasus III GCxGC-TOF-MS equipped with a HP-5MS (30 m x 0.25 mm 
x 0.25 mm) primary column and DB-17 (2 m x 0.10 mm x 0.10 mm) secondary 
column. Following splitless injection, an isothermal phase was performed for the 
primary oven by heating to 40 °C for 10 min. The oven was then heated at a 
rate of 5°C min-1 to 300 °C which was held for 10 min. The isothermal phase for 
the secondary oven was performed at 45 °C for 10 min. The oven was then 
heated at a rate of 5°C min-1 to 335 °C for 10 min. Product concentrations were 
estimated using the response of the D8-napthalene internal standard. 
A scan range of 35-650 m/z was used for mass spectrometry using a scan 
rate of 100 scans s-1 and 4 s modulation with 400 ms hot pulse. The detected 
products were identified by comparison to the NIST 2.0 mass spectral 
database. 
2.2.13  Fluorescence-Activated Cell Sorting 
Fluorescence-activated cell sorting (FACS) was performed using a FACS 
Aria II (BD Biosciences) utilising FACS flow (BD Biosciences) as the sheath 
CHAPTER 2 –  LIPID AND HYDROCARBON BIOSYNTHESIS IN MYCOBACTERIUM SP. 
  50 
fluid. Samples were analysed using a flow rate of 2.0 psi and a sheath pressure 
of 70 psi. The fluorescence of Nile red-stained cells was measured using an 
excitation wavelength of 488 nm and an emission wavelength of 616/23 nm. 
Cells showing the highest fluorescence (top 5 % of the population) were 
isolated. 
2.2.14 Scanning Electron Microscopy 
The cellular mass of a planktonic culture was obtained by centrifuging      
at 6, 000 x g for 10 min. The supernatant was removed and the pellet 
resuspended in 3 % Glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 1 
hour. Cells were washed 5 times with phosphate buffer and then fixed in 1 % 
osmium tetroxide overnight. The cells were then washed 5 times using 0.2 µm-
filtered deionised water and dehydrated by successively resuspending them for 
5 min in 30 %,  50 %, 75 %, 90 % and twice in 100 % ethanol. Cells were then 
filtered onto a 0.2 µm black polycarbonate filter and dehydrated for 4 h using 
critical point drying. Samples were coated using gold nanoparticles and imaged 
using a JEOL JSM-6390LV scanning electron microscope. 
2.2.15 Laser-Scanning Confocal Microscopy 
Cells were prepared for imaging by adding 80 µl of 40 µM Nile red reagent 
to 1 ml of culture and incubating in the dark, at room temperature, for 5 min. 
Imaging was performed using a 510-Meta laser-scanning confocal microscope 
(Zeiss) fitted with a Plan-apochromat 63x/1.40 oil immersion lens (Zeiss). Cells 
were imaged using an excitation wavelength of 488 nm with the emission 
wavelength set to 594 – 615 nm using a 488 nm/594 nm dichroic mirror and a 
560 nm/615 nm band pass filter.  
2.3. Results 
2.3.1  Growth of Mycobacterium sp. NCIMB 10403 
Growth analyses of Mycobacterium sp. NCIMB 10403 cultures were 
performed in TS, BSM-, LB, and RAC media. When cultured in TS, BSM-, and 
REX medium (Fig 2.1), the bacterium showed slow growth over 8 days 
achieving a final OD600nm of 0.4-0.5 at stationary growth phase. In BSM- and 
REX medium the bacteria potentially displayed diauxic growth. However, REX
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Fig. 2.1  Growth of Mycobacterium sp. NCIMB 10403 
Mycobacterium sp. NCIMB 10403 was revived from lyophilised stocks and cultured in: TS 
medium (A); BSM- (B); LB medium (C) and REX medium (D). Points represent the mean 
OD600nm of 5 independent replicates with standard error bars shown. 
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medium and BSM- contain only a single carbon source and so the reasoning for 
why the bacteria might display diauxic growth was not obvious. When cultured 
in LB medium (Fig 2.1), the bacterium dislayed faster growth and achieved the 
stationary growth phase after 6 days with an OD600nm of 0.4. 
2.3.2  Organic Products in Mycobacterium sp. NCIMB 10403 
GCxGC was performed on DCM extracts obtained from Mycobacterium 
sp. NCIMB cultured to the late-exponential growth phase in BSM-, REX and LB 
media. The extract obtained from the culture of Mycobacterium sp. NCIMB 
10403 grown in BSM- contained 2.09 mg g-1 CDM (0.209 %) fatty acids (Fig. 
2.2). The majority of the fatty acids had a carbon chain length of C16-C18 (Fig 
2.3) and n-octadecanoic acid was most abundant with a concentration of 808 
µg g-1 CDM. The extract contained alkanes only at trace concentrations, 
amounting to 35.1 µg g-1 (0.00351 %) CDM (Fig. 2.2). The carbon chain length 
distribution of the alkanes was irregular, with the majority of alkanes in the 
ranges of C10-C18 and C25-C33 (Fig 2.3). Similarly low concentrations of alkanes 
were detected in extracts obtained from cultures of Mycobacterium sp. NCIMB 
10403 grown in LB and REX media (LB: 11.5 µg g-1 CDM; REX: 6.39 µg g-1 
CDM). However, far lower concentrations of fatty acids were detected in these 
samples (LB: 123 µg g-1; REX: none detected) when compared to extracts 
obtained from cultures of Mycobacterium sp. NCIMB 10403 grown in BSM-. 
Four further DCM extracts were obtained from the CDM of late-exponential 
growth phase cultures of Mycobacterium sp. NCIMB 10403 (two from bacteria 
cultured in BSM- and two from bacteria cultured in REX medium) and analysed 
using GC-MS. Alkanes were not detected within any of these extracts. 
Furthermore only low levels of fatty acids (<0.1 % of the CDM) were measured. 
It was concluded that alkanes are not produced by Mycobacterium sp. NCIMB 
10403.  
2.3.3  Verification of the Mycobacterium sp. NCIMB 10403 Sample 
Solid medium inoculated with the Mycobacterium sp. NCIMB 10403 
sample exhibited colonies with differing morphologies (Fig 2.4). The majority of 
colonies were rough-textured and deep orange in colour (morphotype A). A 
small number were smoother in texture and coloured white (morphotype B).
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Fig. 2.2  Organic Products from Mycobacterium sp. NCIMB 10403 
Organic compounds were extracted in DCM from dried Mycobacterium sp. NCIMB 10403 cells 
in late-exponential growth phase and analysed using GCxGC. Total concentrations of alkanes 
in the extracts are shown in A. Total concentrations of fatty acids are shown in B. Bacteria were 
cultured in BSM- (white bars), REX (light grey bars) and LB media (dark grey bars). Subsequent 
independent replicates showed no alkanes, suggesting that the alkanes in the results presented 
here are probably due to trace contaminants. 
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Figure 2.3  Carbon Chain Length Distribution of Organic Products from 
Mycobacterium sp. NCIMB 10403 
Organic compounds were extracted in DCM from dried Mycobacterium sp. NCIMB 10403 cells 
cultured in BSM- to late-exponential growth phase and analysed using GCxGC. The carbon 
chain length distribution of alkanes in the extracts is shown in A. The carbon chain length 
distribution of fatty acids in the extracts is shown in B. Subsequent independent replicates 
showed no alkanes, suggesting that the alkanes in the results presented here are probably due 
to trace contaminants. 
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Fig. 2.4   Colony and Cell Morphologies of Mycobacterium sp. NCIMB 10403 
In culture, Mycobacterium sp. NCIMB 10403 showed two distinct morphologies. On solid 
medium (top image), colonies were either orange (A) or white (B). SEM analysis of broth 
cultures (bottom image) also showed two different bacteria; small rod-like cells approximately 2 
µm in length (A), and large rod-like cells approximately 10 µm in length (B). Subsequent 16s 
rDNA analysis of purified cultures demonstrated that the orange colonies contained the smaller 
cells that were identified as belonging to the Gordonia genus and the white colonies contained 
the larger cells, identified as a Bacillus sp. 
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Broth cultures inoculated with the Mycobacterium sp. NCIMB 10403 sample 
were orange in colour, with cells forming suspended and surface-attached 
clumps. Upon successive subculture, cultures became paler in colour and fewer 
clumps were formed. This observation was most notable in second and third 
subcultures. 
Scanning electron micrographs were taken from a Mycobacterium sp. 
NCIMB 10403 LB culture inoculated directly from the lyophilised sample as 
received from NCIMB (Fig 2.4). Micrographs revealed the presence of at least 
two phenotypically distinct populations in the culture. Both the cellular 
populations were identified as rod-shaped microbial species. However they 
differed significantly in length; cells belonging to one population were 2-3 µm in 
length and were subsequently found to correspond with morphotype A and cells 
belonging to the other population were approximately 10 µm in length and were 
subsequently found to correspond with morphotype B.  
Genomic DNA was obtained from 3 separate cultures of Mycobacterium 
sp. NCIMB 10403 grown in LB. Each culture was inoculated independently from 
a separate lyophilised sample of the bacterium obtained from NCIMB. 
Sequencing of the 16s rDNA from each of the genomic DNA samples revealed 
each culture to be impure - multiple peaks were visible for most base positions 
on the electropherogram for the fragment sequences obtained using primers 
63F and 1389R. As a result, a 16s rDNA consensus sequence was 
unobtainable using these fragment sequences and no significant homologies for 
these sequences were found using BLAST. Genomic DNA was also obtained 
from separate cultures inoculated from colonies of morphotype A and colonies 
of morphotype B. As expected, sequencing of the 16s rDNA from each of the 
genomic DNA samples revealed each sample to consist of DNA from a single 
bacterial strain. A 1209 bp consensus 16s rDNA sequence was obtained for the 
bacterium corresponding to morphotype A. The sequence showed highest 
homology to Gordonia paraffinivorans HD321 (coverage: 100 %; identity: 99 %) 
(Fig. 2.5).  Next strongest homologies were found to other Gordonia spp. 
including G. terrae (coverage: 100%; identity: 97%), G. amicalis (coverage:   
100 %; identity: 97 %) and G. rubripertinctus (coverage: 100%; identity: 97%). 
The sequence was further compared against mycobacterial 16s rDNA 
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Score = 2158 bits (2392),  Expect = 0.0 
Identities = 1204/1209 (99%), Gaps = 0/1209 (0%) 
Strand=Plus/Plus 
 
G10403  1     GGTACTCGAGTGGCGAACGGGTGAGTAACACGAGGGTGATCTGCCCTGGACTCTGGGATA  60 
HD321   61    GGTACTCGAGTGGCGAACGGGTGAGTAACACGTGGGTGATCTGCCCTGGACTCTGGGATA  120 
 
G10403  61    AGCCTGGGAAACTGGGTCTAATACCGGATATTCACTTTCTCTCGCATGGGGGTTGGTGGA  120 
HD321   121   AGCCTGGGAAACTGGGTCTAATACCGGATATTCACTTTCTCTCGCATGGGGGTTGGTGGA  180 
 
G10403  121   AAGCTTTTGCGGTTCAGGATGGGCCCGCGGCCTATCAGCTTGTTGGTGGGGTAATGGCCT  180 
HD321   181   AAGCTTTTGCGGTTCAGGATGGGCCCGCGGCCTATCAGCTTGTTGGTGGGGTAATGGCCT  240 
 
G10403  181   ACCAAGGCGACGACGGGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACA  240 
HD321   241   ACCAAGGCGACGACGGGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACA  300 
 
G10403  241   CGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGA  300 
HD321   301   CGGCCCATACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGA  360 
 
G10403  301   TGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCACCAGGGAC  360 
HD321   361   TGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCACCAGGGAC  420 
 
G10403  361   GAAGCGTGAGTGACGGTACCTGGAGAAGAAGCACCGGCCAACTACGTGCCAGCAGCCGCG  420 
HD321   421   GAAGCGTGAGTGACGGTACCTGGAGAAGAAGCACCGGCCAACTACGTGCCAGCAGCCGCG  480 
 
G10403  421   GTAATACGTAGGGTGCGAGCGTTGTCCGGAATTACTGGGCGTAAAGAGCTCGTAGGCGGT  480 
HD321   481   GTAATACGTAGGGTGCGAGCGTTGTCCGGAATTACTGGGCGTAAAGAGCTCGTAGGCGGT  540 
 
G10403  481   TTGTCGCGTCGTCTGTGAAATTCTGCAACTCAATTGTAGGCGTGCAGGCGATACGGGCAG  540 
HD321   541   TTGTCGCGTCGTCTGTGGAATTCTGCAACTCAATTGTAGGCGTGCAGGCGATACGGGCAG  600 
 
G10403  541   ACTTGAGTACTACAGGGGAGACTGGAATTCCTGGTGTAGCGGTGAAATGCGCAGATATCA  600 
HD321   601   ACTTGAGTACTACAGGGGAGACTGGAATTCCTGGTGTAGCGGTGAAATGCGCAGATATCA  660 
 
G10403  601   GGAGGAACACCGGTGGCGAAGGCGGGTCTCTGGGTAGTAACTGACGCTGAGGAGCGAAAG  660 
HD321   661   GGAGGAACACCGGTGGCGAAGGCGGGTCTCTGGGTAGTAACTGACGCTGAGGAGCGAAAG  720 
 
G10403  661   CGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGGTGGGTACTAG  720 
HD321   721   CGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGGTGGGTACTAG  780 
 
G10403  721   GTGTGGGACTCTTTTCACGGGTTCCGTGCCGTAGCTAACGCATTAAGTACCCCGCCTGGG  780 
HD321   781   GTGTGGGACTCTTTTCACGGGTTCCGTGCCGTAGCTAACGCATTAAGTACCCCGCCTGGG  840 
 
G10403  781   GAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGCGGAG  840 
HD321   841   GAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGCGGAG  900 
 
G10403  841   CATGTGGATTAATTCGATGCAACGCGAAGAACCTTACCTGGGTTTGACATCTACCGGACC  900 
HD321   901   CATGTGGATTAATTCGATGCAACGCGAAGAACCTTACCTGGGTTTGACATCTACCGGACC  960 
 
G10403  901   GCTCCAAAGATGGGGCTTCCCTTGTGGCTGGTAGACAGGTGGTGCATGGCTGTCGTCAGC  960 
HD321   961   GCTCCAGAGATGGGGCTTCCCTTGTGGCTGGTAGACAGGTGGTGCATGGCTGTCGTCAGC  1020 
 
G10403  961   TCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGTCCTGTATTGCC  1020 
HD321   1021  TCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGTCCTGTATTGCC  1080 
 
G10403  1021  AGCGCGTAATGGCGGGGACTTGCAGGAGACTGCCGGGGTCAACTCGGAGGAAGGTGGGGA  1080 
HD321   1081  AGCGCGTAATGGCGGGGACTTGCAGGAGACTGCCGGGGTCAACTCGGAGGAAGGTGGGGA  1140 
 
G10403  1081  TGACGTCAAGTCATCATGCCCCTTATGTCCAGGGCTTCACACATGCTACAATGGCTGGTA  1140 
HD321   1141  TGACGTCAAGTCATCATGCCCCTTATGTCCAGGGCTTCACACATGCTACAATGGCTGGTA  1200 
 
G10403  1141  CAGAGGGCTGCGATACCGTGAGGTGGAGCGAATCCCTTAAAGCCAGTCTCAGTTCGGATT  1200 
HD321   1201  CAGAGGGCTGCGATATCGTGAGGTGGAGCGAATCCCTTAAAGCCAGTCTCAGTTCGGATT  1260 
 
G10403  1201  GGGGTCTGC  1209 
HD321   1261  GGGGTCTGC  1269 
Fig. 2.5  16s rDNA Sequence Analysis of Morphotype A from Mycobacterium 
sp. NCIMB 10403  
The 16s rDNA sequence for bacteria of morphotype A (G10403) was compared to the microbial 
nucleotide database (GenBank) using BLAST and was identified as homologous to that of 
Gordonia paraffinivorans sp. HD321 (HD321), as demonstrated by the above alignment.  
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sequences. Strongest homology was found to Mycobacterium ratisbonense 
(coverage: 100 %; identity: 93 %) (Fig. 2.6). 
A 763 bp consensus 16s rDNA sequence was obtained for the bacterium 
corresponding to morphotype B. The sequence showed strongest homology to 
a number of Bacillus spp., notably Bacillus licheniformis (coverage: 99 %; 
identity: 96 %) (Fig. 2.7). No significant homology was found to 16s rDNA 
sequences belonging to mycobacterial strains for morphotype B. 
DGGE confirmed that two genotypically distinct bacterial species exist in 
the Mycobacterium sp. NCIMB 10403 sample. DGGE fingerprints obtained for 
cultures inoculated directly from the Mycobacterium sp. NCIMB 10403 
lyophilised sample contained a multiple-banded banding pattern that 
corresponded cumulatively to the Bacillus licheniformis and Gordonia banding 
patterns observed in the control lanes (Fig 2.8). All bands present were 
sequenced; the upper three bands corresponding to the B. licheniformis 
banding pattern all revealed strongest homology to B. licheniformis (coverage: 
78 %, identity: 99 %; coverage: 80 %, identity; 97 %; coverage: 81 %, identity: 
81 %). The lower bands corresponding to the Gordonia banding pattern were 
not sequenced successfully, probably due to insufficient template DNA. 
Following subculturing of Mycobacterium sp. NCIMB 10403, the Gordonia-like 
banding pattern disappeared from the DGGE profiles of the cultures and only 
the B. licheniformis–like banding pattern remained (Fig 2.8). This observation is 
consistent with whitening of cultures of Mycobacterium sp. NCIMB 10403 
following subculture. 
Broth cultures inoculated from the bacterium of morphotype A gave a 
fingerprint that was similar to DGGE fingerprints attained for Gordonia 
paraffinivorans and Gordonia terrae, (Fig 2.8). When sequenced, the DNA 
bands from the gel showed strongest homology to 16s rDNA sequences 
obtained for Gordonia spp., notably G. terrae (coverage: 82 %, identity: 98 %; 
coverage: 80 %, identity: 96 %). Broth cultures inoculated from the bacterium of 
morphotype B gave a fingerprint that was identical to DGGE fingerprints 
attained for B. licheniformis. 
The bacterium responsible for colonies of morphotype A, that possessed 
greatest 16s rDNA homology to Gordonia paraffinivorans spp., is most likely the 
bacterium originally documented as Mycobacterium sp. NCIMB 10403 as many
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Score = 1822 bits (2020),  Expect = 0.0 
Identities = 1134/1212 (94%), Gaps = 7/1212 (0%) 
Strand=Plus/Plus 
 
G10403 1     GGTACTCGAGTGGCGAACGGGTGAGTAACACGAGGGTGATCTGCCCTGGACTCTGGGATA  60 
FR13   56    GGTACTCGAGTGGCGAACGGGTGAGTAACACGTGGGTGATCTGCCCTGCACTTTGGGATA  115 
 
G10403 61    AGCCTGGGAAACTGGGTCTAATACCGGATATT--CACTTTCTCTCGCATGGGGGTTGGTG  118 
FR13   116   AGCCTGGGAAACTGGGTCTAATACCGAATAGGACCGCATGCTT---CATGGTGTGTGGTG  172 
 
G10403 119   GAAAGCTTTTGCGGTTCAGGATGGGCCCGCGGCCTATCAGCTTGTTGGTGGGGTAATGGC  178 
FR13   173   GAAAGCTTTTGCGGTGTGGGATGGGCCCGCGGCCTATCAGCTTGTTGGTGGGGTAATGGC  232 
 
G10403 179   CTACCAAGGCGACGACGGGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGA  238 
FR13   233   CTACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGA  292 
 
G10403 239   CACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCT  298 
FR13   293   TACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCT  352 
 
G10403 299   GATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCACCAGGG  358 
FR13   353   GATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCACCAGGG  412 
 
G10403 359   ACGAAGCGTGAGTGACGGTACCTGGAGAAGAAGCACCGGCCAACTACGTGCCAGCAGCCG  418 
FR13   413   ACGAAGCGTGAGTGACGGTACCTGGAGAAGAAGCACCGGCCAACTACGTGCCAGCAGCCG  472 
 
G10403 419   CGGTAATACGTAGGGTGCGAGCGTTGTCCGGAATTACTGGGCGTAAAGAGCTCGTAGGCG  478 
FR13   473   CGGTAATACGTAGGGTGCGAGCGTTGTCCGGAATTACTGGGCGTAAAGAGCTCGTAGGTG  532 
 
G10403 479   GTTTGTCGCGTCGTCTGTGAAATTCTGCAACTCAATTGTAGGCGTGCAGGCGATACGGGC  538 
FR13   533   GTTTGTCGCGTTGTTCGTGAAAACTCACAACTCAATTGTGGGCGTGCGGGCGATACGGGC  592 
 
G10403 539   AGACTTGAGTACTACAGGGGAGACTGGAATTCCTGGTGTAGCGGTGAAATGCGCAGATAT  598 
FR13   593   AGACTAGAGTACTGCAGGGGAGACTGGAATTCCTGGTGTAGCGGTGGAATGCGCAGATAT  652 
 
G10403 599   CAGGAGGAACACCGGTGGCGAAGGCGGGTCTCTGGGTAGTAACTGACGCTGAGGAGCGAA  658 
FR13   653   CAGGAGGAACACCGGTGGCGAAGGCGGGTCTCTGGGCAGTAACTGACGCTGAGGAGCGAA  712 
 
G10403 659   AGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGGTGGGTACT  718 
FR13   713   AGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGGTGGGTACT  772 
 
G10403 719   AGGTGTGGGACTCTTTTCACGGGTTCCGTGCCGTAGCTAACGCATTAAGTACCCCGCCTG  778 
FR13   773   AGGTGTGGG-TTCCTTCCTTGGGATCCGTGCCGTAGCTAACGCATTAAGTACCCCGCCTG  831 
 
G10403 779   GGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGCGG  838 
FR13   832   GGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGCGG  891 
 
G10403 839   AGCATGTGGATTAATTCGATGCAACGCGAAGAACCTTACCTGGGTTTGACATCTACCGGA  898 
FR13   892   AGCATGTGGATTAATTCGATGCAACGCGAAGAACCTTACCTGGGTTTGACATGCACAGGA  951 
 
G10403 899   CCGCTCCAAAGATGGGGCTTCCCTTGTGGCTGGTAGACAGGTGGTGCATGGCTGTCGTCA  958 
FR13   952   CGCCAGTAGAGATATTGGTTCCCTTGTGGCCTGTGTGCAGGTGGTGCATGGCTGTCGTCA  1011 
 
G10403 959   GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGTCCTGTATTG  1018 
FR13   1012  GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGTCCTATGTTG  1071 
 
G10403 1019  CCAGCGCGTAATGGCGGGGACTTGCAGGAGACTGCCGGGGTCAACTCGGAGGAAGGTGGG  1078 
FR13   1072  CCAGCGGGTTATGCCGGGGACTCGTAGGAGACTGCCGGGGTCAACTCGGAGGAAGGTGGG  1131 
 
G10403 1079  GATGACGTCAAGTCATCATGCCCCTTATGTCCAGGGCTTCACACATGCTACAATGGCTGG  1138 
FR13   1132  GATGACGTCAAGTCATCATGCCCCTTATGTCCAGGGCTTCACACATGCTACAATGGCCGG  1191 
 
G10403 1139  TACAGAGGGCTGCGATACCGTGAGGTGGAGCGAATCCCTT-AAAGCCAGTCTCAGTTCGG  1197 
FR13   1192  TACAAAGGGCTGCGATGCCGTGAGGTGGAGCGAATCCTTTCAAAGCCGGTCTCAGTTCGG  1251 
 
G10403 1198  ATTGGGGTCTGC  1209 
FR13   1252  ATCGGGGTCTGC  1263 
Fig. 2.6  16s rDNA Sequence Analysis of Morphotype A from Mycobacterium 
sp. NCIMB 10403  
The 16s rDNA sequence for bacteria of morphotype A (G10403) was compared to all 
mycobacterial strains within the microbial nucleotide database (GenBank) using BLAST and 
was identified as most homologous to that of Mycobacterium ratisbonense sp. FR13 (FR13), as 
demonstrated by the above alignment. 
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Score = 1275 bits (690),  Expect = 0.0 
Identities = 727/758 (96%), Gaps = 2/758 (0%) 
Strand=Plus/Plus 
 
B10403 6     AAAGCCCCCGGCTCAACCNGGGAGGGTCATTNGAAACTGGGGAACTTNAGTGCAGAAGAG  65 
2TgB   609   AAAGCCCCCGGCTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAG  668 
 
B10403 66    GAGAGTGGAATTCCACNTGTANCGGTNAAATGNGTANAGATNTGGAGGAACACCAGTGGC  125 
2TgB   669   GAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGC  728 
 
B10403 126   GAAGGCGACTNTNTGGTCTGTAACTGACGNTNAGGCGCGAAAGCNTNGGGAGCGAACAGG  185 
2TgB   729   GAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCGAACAGG  788 
 
B10403 186   ATTAGATACCCTGGTAGTNCACNCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCG  245 
2TgB   789   ATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCG  848 
 
B10403 246   CCCTTTAGTGCTGCAGCAAACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACT  305 
2TgB   849   CCCTTTAGTGCTGCAGCAAACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACT  908 
 
B10403 306   GAAACTCAAAGGAATT-ACCGGCGGTGTGNACAAGCGGTGGAGCATGTGGTTTAATTCGA  364 
2TgB   909   GAAACTCAAAGGAATTGACGGG-GGTCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGA  967 
 
B10403 365   AGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGNCAACCCTAGAGATAGGGCTT  424 
2TgB   968   AGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCCTAGAGATAGGGCTT  1027 
 
B10403 425   CCCCTTCGGGGGCAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATG  484 
2TgB   1028  CCCCTTCGGGGGCAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATG  1087 
 
B10403 485   TTGGGTTAAGTCCCGCAACGAGCGCAANCCTTGATCTTAGTTGCCAGCATTCAGTTGGGC  544 
2TgB   1088  TTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGTTGCCAGCATTCAGTTGGGC  1147 
 
B10403 545   ACTNTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCAT  604 
2TgB   1148  ACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCAT  1207 
 
B10403 605   GCNCCTTATGACCTGGGCTACACACGTGCTACAATGGGCAGAACAAAGGGCAGCGAAGCC  664 
2TgB   1208  GCCCCTTATGACCTGGGCTACACACGTGCTACAATGGGCAGAACAAAGGGCAGCGAAGCC  1267 
 
B10403 665   GCGAGGCTAAGCCAATCCCACAAATCTGTTCTCAGTTCNGATCGCAGTCTGCAACTCGAC  724 
2TgB   1268  GCGAGGCTAAGCCAATCCCACAAATCTGTTCTCAGTTCGGATCGCAGTCTGCAACTCGAC  1327 
 
B10403 725   TGCGNGAAGCNGGAATCGCTAGTAATCGCGGNTCAGCA  762 
2TgB   1328  TGCGTGAAGCTGGAATCGCTAGTAATCGCGGATCAGCA  1365 
Fig. 2.7  16s rDNA Sequence Analysis of Morphotype B from Mycobacterium 
sp. NCIMB 10403  
The 16s rDNA sequence for bacteria of morphotype B (B10403) was compared to the microbial 
nucleotide database (GenBank) using BLAST and was identified as homologous to that of 
Bacillus licheniformis 2TgB (2TgB), as demonstrated by the above alignment. 
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  A        B   
Figure 2.8  DGGE Analysis of the Mycobacterium sp. NCIMB 10403 sample  
16s rDNA fragments were amplified from the genomic DNA of bacteria cultured to late-
exponential growth phase in LB media. A silver nitrate-stained gel is displayed in A, showing 
the characteristic banding pattern of Bacillus licheniformis (T) (lane 1); Mycobacterium 
smegmatis (Lane 2); Gordonia paraffinivorans (lane 3); Gordonia terrae (lane 4) and cultures 
inoculated from morphotype A colonies (lanes 5-7)). An ethidium bromide-stained gel is 
displayed in B, showing the characteristic banding pattern of Bacillus licheniformis (T) (lane 1); 
Mycobacterium smegmatis (Lane 2); Gordonia paraffinivorans (lane 3); Gordonia terrae (lane 
4); Mycobacterium sp. NCIMB 10403 (culture inoculated directly from lyophilised sample) 
(lanes 5-8); Mycobacterium sp. NCIMB 10403 1st subcultures (lanes 9-11) and Mycobacterium 
sp. NCIMB 10403 2nd subcultures (lanes 12-13). These images are typical of at least 5 
replicates. 
!"# $ $ $ $ $$$$!""#$
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phenotypic and genetic similarities exists between the Mycobacterium and 
Gordonia genera. However, as the phylogenetic position of this bacterium is 
sufficiently distanced from the Mycobacterium genus, based on 16s rDNA 
sequences, it will hereafter be referred to as Gordonia sp. NCIMB 10403. The 
term Mycobacterium sp. NCIMB 10403 will be strictly used in reference to the 
contaminated sample (cultures inoculated directly from the lyophilised 
Mycobacterium sp. NCIMB 10403 sample, containing both Gordonia sp. NCIMB 
10403 and the identified Bacillus sp). The Bacillus sp. will hereafter be referred 
to as Bacillus sp. NCIMB 10403. 
2.3.4  Taxonomy Reassessment of Mycobacterium sp. NCIMB 10403 
Greatest digression in the 16s rDNA sequences of Gordonia species is 
known to primarily occur in two hypervariable regions between nucleotide 
positions 136 to 229 and between nucleotide positions 996 to 1028 (Arenskotter 
et al., 2004). Therefore, these domains in the consensus 16s rDNA sequence of 
Gordonia sp. NCIMB 10403 were directly compared to G. paraffinivorans, G. 
terrae, Gordonia rubripertinctus, Gordonia bronchialis, Gordonia amicalis, and 
M. ratisbonense in order to better understand an evolutionary relationship 
between these bacteria. The strongest homology across the two 16s rDNA 
hypervariable domains of Gordonia sp. NCIMB 10403 was found to G. 
paraffinivorans (identity: 99 %), with only a single nucleotide substitution 
observed in the combined 131 bp sequence (Fig 2.9). Far poorer homologies 
were found when Gordonia sp. NCIMB 10403 was compared to other Gordonia 
species (G. terrae, identity: 81 %; G. amarae identity: 84 %; G. rubripertinctus, 
identity: 83 %; G. bronchialis, identity: 80 %; G. amicalis, identity: 84 %). 
Poorest homology was found to M. ratisbonense (identity: 77 %). 
A maximum-likelihood phylogenetic tree was constructed to complement 
the 16s rDNA sequence alignments in providing an established characterisation 
of the phylogeny of Gordonia sp. NCIMB 10403 based upon molecular data 
(Fig 2.10). The 16s rDNA sequence of Gordonia sp. NCIMB 10403 was 
compared to all Gordonia species currently characterised and bacterial strains 
in closely related taxa. Gordonia sp. NCIMB 10403 formed a monophyletic 
clade within the Gordonia genus, residing alongside G. paraffinivorans HD321 
(DSM 44604). The bacterium was sufficiently distanced from the 
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G. sp. NCIMB10403           136 CCTGGACTCTGGGATAAGCCTGGGAAACTGGGTCTAATACCGGATATTCA 185 
G. paraffinivorans DSM44604 136 CCTGGACTCTGGGATAAGCCTGGGAAACTGGGTCTAATACCGGATATTCA 185 
G. rubripertinctus DSM43197 136 CCTGGACTCTGGGATAAGCCTGGGAAACTGGGTCTAATACCGGATATG-A 184 
G. amicalis DSM44461        136 CCTGGACTCTGGGATAAGCCTGGGAAACTGGGTCTAATACCGGATATG-A 184 
G. terrae DSM43249          136 CCTGCACTCTGGGATAAGCCTGGGAAACTGGGTCTAATACCGGATATG-A 184 
G. bronchialis DSM43247     136 CCTG-ACTTTGGGATAAGCCTGGGAAACTGGGTCTAATACCGGATATG-A 183 
G. amarae DSM43392          136 CCTG-ACTTTGGGATAAGCCTGGGAAACTGGGTCTAATACCGGATATG-A 183 
M. ratisbonense DSM44364    136 CCTGCACTTTGGGATAAGCCTGGGAAACTGGGTCTAATACCGAATAGG-A 184 
                                **** *** *********************************.***   * 
 
G. sp. NCIMB10403           186 CTTTCTCTCGCATGGGGGTTGGTGGAAAGCTTTTGCGGTTCAGGAT 231 --- 
G. paraffinivorans DSM44604 186 CTTTCTCTCGCATGGGGGTTGGTGGAAAGCTTTTGCGGTTCAGGAT 231 --- 
G. rubripertinctus DSM43197 185 CCTTACATCGCATGGTGTTTGGTGGAAAGCTTTTGCGGTTCAGGAT 230 --- 
G. amicalis DSM44461        185 CCTTACATCGCATGGTGTTTGGTGGAAAGCTTTTGCGGTTCAGGAT 230 --- 
G. bronchialis DSM43247     185 CCTTACATCGCATGGTGTTTGGTGGAAAGCTTTTGCGGTTGGGGAT 230 --- 
G. terrae DSM43249          184 CCAACTGTCGCATGGTGGTTGGTGGAAAGCTTTTGCGGTGTGGGAT 229 --- 
G. amarae DSM43392          184 CCTGCTCCTGCATGGGGGTGGGTGGAAAGCTTTTGCGG-TCAGGAT 229 --- 
M. ratisbonense DSM44364    185 CCACGCGCTTCATGGTGTGTGGTGGAAAGCTTTTGCGGTGTGGGAT 230 --- 
                                * :       ***** *   ******************   .****   
 
G. sp. NCIMB10403           --- 996 ATCTACCGGACCGCTCCAAAGATGGGGCTTCC 1028 
G. paraffinivorans DSM44604 --- 996 ATCTACCGGACCGCTCCAGAGATGGGGCTTCC 1028 
G. rubripertinctus DSM43197 --- 996 ATACACCAGACGCATGTAGAGATACATGTTCC 1028 
G. amicalis DSM44461        --- 996 ATACACCAGAAAGCTATAGAGATATAGCCCCC 1028 
G. terrae DSM43249          --- 996 ATACACCAGACGCGGCTAGAGATAGTCGTTCC 1028 
G. bronchialis DSM43247     --- 996 ATACACCAGACGCGGCTAGAGATAGTCGTTCC 1028 
G. amarae DSM43392          --- 996 ATACACCAGACGCCGGCAGAGATGTCGGTTCC 1028 
M. ratisbonense DSM44364    --- 996 ATGCACAGGACGCCGGCAGAGATGTCGGTTCC 1028 
                                    **  **..**.      *.****.      ** 
 
STRAIN LENGTH (BP) IDENTITY 
Gordonia paraffinivorans DSM 44604 131 99 % 
Gordonia terrae DSM 43249 130 81 % 
Gordonia amarae DSM 43392 128 84 % 
Gordonia rubripertinctus DSM 43197 130 83 % 
Gordonia bronchialis DSM 43247 129 80 % 
Gordonia amicalis DSM 44461 130 84 % 
Mycobacterium ratisbonense DSM 44364 130 77 % 
Fig. 2.9  16s rDNA Sequence analysis of Gordonia sp. NCIMB 10403  
The 16s rDNA of Gordonia sp. NCIMB 8307 was compared to six other Gordonia species and 
Mycobacterium ratisbonense using ClustalW. An alignment was performed comparing the 
nucleotide positions 136 to 229 and 996 to 1028 of the sequences. A table showing the 
sequence homologies for these two regions between Gordonia sp. NCIMB 10403 and the other 
7 strains is shown below the alignment. 
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Fig. 2.10  Maximum-Likelihood Phylogenetic Tree Showing the Position of 
Gordonia sp. 10403 in Relation to Other Corynebacterineae 
The 16s rDNA sequence of Gordonia sp. NCIMB 10403 (blue) was compared to that of 
all other known Gordonia species, a number of established Mycobacterium species and to a 
number of other well-characterised Corynebacterineae using a maximum-likelihood algorithm. 
Bootstrap values are expressed as a percentage of 500 replications. Branches are collapsed 
where support is below 50%. The scale bar represents 0.1 substitutions per nucleotide position.
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Mycobacterium genus to substantiate the claim that the bacterium requires 
reclassifying from a Mycobacterium sp. to a Gordonia sp. Taking this into 
consideration with the 16s rDNA sequence alignment data, the bacterium is 
most likely a strain of G. paraffinivorans. 
2.3.5  Growth of Gordonia sp. NCIMB 10403 
Growth analyses of Gordonia sp. NCIMB 10403 cultures were performed 
in TS, BSM-, LB, REX and RAC media, the formulation of which is presented in 
Section 2.3.6. Similar to Mycobacterium sp. NCIMB 10403 cultures, Gordonia 
sp. NCIMB 10403 showed slow growth over 8 days when grown in TS, BSM-, 
REX and RAC medium (Fig. 2.11) and potentially displayed diauxic growth in 
BSM-, REX and RAC medium. In all three media, an OD600nm of approximately 
0.4 was achieved at the stationary growth phase. When cultured in LB medium 
(Fig. 2.11), the bacterium showed slow growth, reaching stationary growth 
phase after 6 days, and achieved a final OD600nm of 0.3. 
2.3.6  Development of RAC Medium using Nile Red Staining 
Nile red is a lipophilic dye that can be used as a measure of intracellular 
lipid concentration (Greenspan & Fowler, 1985;  Greenspan et al., 1985). It was 
used in this study to assay the total lipid present in bacterial cultures. In order to 
first optimise bacterial lipid synthesis, Gordonia sp. NCIMB 10403 was cultured 
to stationary phase in a number of different media based upon BSM- containing 
altered concentrations of carbon, nitrogen, and phosphate (Fig. 2.12) Cultures 
were analysed using the Nile red assay at 24 h intervals.  Phosphate, nitrogen 
and carbon levels in the media were altered individually and were changed in 
order to create either a nutrient-rich environment (2-fold increase in 
concentration of nutrient compared to BSM-) or a nutrient-deprived environment 
(~40-fold decrease in concentration of nutrient compared to BSM-). The lower 
concentrations of nitrogen were chosen based upon the observation that 
nitrogen supplied as NH4Cl at a level of 0.05 g l-1 improved total lipid yields in 
Gordonia sp. DG by 25 % when compared to media containing a 9-fold higher 
concentration of nitrogen (Gouda et al., 2008). Lower bound concentrations of 
phosphate and carbon were decreased in the relevant media to the same 
extent as nitrogen was in the nitrogen-deprived medium. The optimal
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Fig. 2.11  Growth of Gordonia sp. NCIMB 10403 
Gordonia sp. NCIMB 10403 was cultured in: TS medium (A); BSM- (B); LB medium (C); REX 
medium (D); RAC medium (E). Points represent the mean OD600nm of 5 independent replicates 
with standard error bars shown. 
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MEDIA [CARBON] (g l
-1) 
Supplied as: 
[NITROGEN] (g l-1) 
Supplied as: 
[PHOSPHATE] (g l-1) 
Supplied as: 
BSM- 
3.4 
10 g l-1 Na2C4H4O4 
0.4 
2 g l-1 (NH4)2SO4 
1.2 
1.5 g l-1 K2HPO4 
0.5 g l-1 KHPO4 
BSM- HP 
3.4 
10 g l-1 Na2C4H4O4 
0.4 
2 g l-1 (NH4)2SO4 
2.4 
3 g l-1 K2HPO4 
1 g l-1 KHPO4 
BSM- LP 
3.4 
10 g l-1 Na2C4H4O4 
0.4 
2 g l-1 (NH4)2SO4 
0.03 
0.065 g l-1 K2HPO4 
BSM- HN 
3.4 
10 g l-1 Na2C4H4O4 
0.8 
4 g l-1 (NH4)2SO4 
1.2 
1.5 g l-1 K2HPO4 
0.5 g l-1 KHPO4 
BSM- LN 
3.4 
10 g l-1 Na2C4H4O4 
0.01 
0.05 g l-1 (NH4)2SO4 
1.2 
1.5 g l-1 K2HPO4 
0.5 g l-1 KHPO4 
BSM- HC 
6.8 
20 g l-1 Na2C4H4O4 
0.4 
2 g l-1 (NH4)2SO4 
1.2 
1.5 g l-1 K2HPO4 
0.5 g l-1 KHPO4 
BSM- LC 
0.09 
0.25 g l-1 Na2C4H4O4 
0.4 
2 g l-1 (NH4)2SO4 
1.2 
1.5 g l-1 K2HPO4 
0.5 g l-1 KHPO4 
BSM- LPLN 
3.4 
10 g l-1 Na2C4H4O4 
0.01 
0.05 g l-1 (NH4)2SO4 
0.03 
0.065 g l-1 K2HPO4 
RAC 
3.4 
10 g l-1 Na2C4H4O4 
0.01 
0.05 g l-1 NH4Cl 
0.03 
0.065 g l-1 K2HPO4 
Fig. 2.12  Nutrient Compositions of 8 different Media Based Upon BSM- 
The total nitrogen, phosphate and carbon content of each media, in addition to the 
concentrations of the substrate from which they were supplied, is displayed. 
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concentrations of each nutrient for maximal lipid synthesis were subsequently 
combined in a single medium to observe whether this would further improve 
lipid yields. Paired, two-tailed t-tests were performed to determine the 
significance of the obtained data (T-tests were performed with each test 
condition containing only 3 replicates; a Gaussian distribution can therefore only 
be assumed from this data and not proven). 
Phosphate concentration alterations: The highest maximum relative lipid 
yield (RLY) was obtained from Gordonia sp. NCIMB 10403 when cultured in 
media deficient in phosphate (Fig. 2.13). The maximum RLY was approximately 
two-fold higher when the bacterium was cultured in BSM- LP than when 
cultured in BSM- or BSM- HP.  However, the increase in lipid synthesis by the 
bacterium when cultured in BSM- LP was not shown to be significant when 
compared to BSM- (t-test; t = 2.02, P > 0.05) or BSM- HP (t-test; t = 1.67,         
P > 0.05).  
Nitrogen concentration alterations: The highest maximum RLY was 
obtained from Gordonia sp. NCIMB 10403 when cultured in media deficient in 
nitrogen (Fig. 2.13). The maximum RLY was again approximately two-fold 
higher when the bacterium was cultured in BSM- LN than when cultured in 
BSM- or in BSM- HN. However, the increase in lipid synthesis by the bacterium 
in BSM- LN was shown to be significant when compared to BSM- (t-test; df = 4, 
t = 7.12, P < 0.05) and BSM- HN (t-test; df = 4, t = 6.05, P < 0.05). 
Carbon concentration alterations: Similar maximum RLYs were obtained 
from Gordonia sp. NCIMB 10403 when cultured in BSM- and BSM- HC (Fig. 
2.13). However, the maximum RLY of the bacterium was approximately two-fold 
lower when cultured in BSM- LC. Lipid yields were not significantly different in 
BSM- when compared to BSM- HC (t-test; df = 4, t = 0.097, P > 0.05). However, 
lipid yields were significantly less in BSM- LC when compared to BSM- (t-test; 
df = 4, t = 4.65, P < 0.05). 
Optimised medium: In an attempt to further improve lipid production in 
Gordonia sp. NCIMB 10403 an optimised media based upon BSM-, named 
BSM- LPLN, was formulated with phosphate concentration altered to 0.03 g l-1 
(supplied using 0.065 g l-1 K2HPO4) and nitrogen concentration altered to 0.01  
g l-1 (supplied using 0.05 g l-1 (NH4)2SO4). The maximum RLY of the bacterium 
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Fig. 2.13  Maximum Relative Lipid Yields of Gordonia sp. NCIMB 10403  
Maximum relative lipid yields were calculated from the Nile red fluorescence (arbitrary units) 
and OD600nm values measured from cultures of Gordonia sp. NCIMB 10403 over the entire 
period of growth. The bacterium was cultured in BSM-, RAC and the 7 different media based 
upon BSM- (BSM- HP (HP); BSM- LP (LP); BSM- HN (HN); BSM- LN (LN); BSM- HC (HC); 
BSM- LC (LC) and BSM- LPLN (LPLN)). Bars represent the mean of 3 independent replicates 
(except for BSM- LPLN and RAC where n=5) with standard error bars shown. 
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when cultured in BSM- LPLN was higher than when cultured in BSM- LP and 
BSM- LN (Fig. 2.13) although the difference was not shown to be significant 
(BSM- LPLN and BSM- LP comparison: t-test; df = 4, t = 0.31, P > 0.05; BSM- 
LPLN and BSM- LN comparison: t-test; df = 4, t = 1.29, P > 0.05). 
Nitrogen source alteration: A further alteration to the media was performed 
based upon the observation that nitrogen source is also important in 
determining intracellular lipid yields. Gouda et al. (Gouda et al., 2008) 
documented that total lipid concentrations of Gordonia sp. DG were up to 45 % 
higher in medium containing NH4Cl as the nitrogen source than in comparable 
media containing (NH4)2SO4 as the nitrogen source. A variant medium of BSM- 
LPLN was therefore formulated by replacing 0.05 g l-1 (NH4)2SO4 with 0.04 g l-1 
NH4Cl. This media was called RAC.  A paired, two-tailed t-test was performed 
to determine whether the lipid yields obtained by Gordonia sp. NCIMB 10403 
were significantly different when grown in the separate media. A Kolmogorov-
Smirnov test was used prior to analysis to confirm that the data was normally 
distributed. 
The mean maximum RLY of Gordonia sp. NCIMB 10403 when cultured in 
RAC was 5 % greater than when cultured in BSM- LPLN (Fig. 2.13). However, 
the difference was not significant (t-test; df = 8, t = 0.37, P > 0.05). Although the 
increase in lipid yields obtained for Gordonia sp. NCIMB 10403 cultured in RAC 
medium was not significant when compared to in BSM- LPLN, RAC medium 
was considered as the optimised media based upon the importance of using 
NH4Cl in place of (NH4)2SO4 for lipid synthesis in Gordonia sp. DG (Gouda et 
al., 2008). 
2.3.7  Comparison of Bacterial Lipid Synthesis Using Nile Red Staining 
The Nile red assay was used to analyse cultures of Gordonia sp. NCIMB 
10403, Mycobacterium sp. NCIMB 10403 (1st subcultures), Bacillus sp. NCIMB 
10403, G. paraffinivorans, and G. terrae DSM 43342 in order to establish the 
capacity for Gordonia sp. NCIMB 10403 to synthesise lipids when compared to 
other bacteria. All strains were cultured in TS, BSM-, REX and RAC media 
(Growth of Mycobacterium sp. NCIMB 10403 (1st subcultures), Bacillus sp. 
NCIMB 10403, G. paraffinivorans, and G. terrae DSM 43342 is shown in 
Appendices 2.3 - 2.6) and their total lipids were analysed throughout all growth 
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phases to determine maximum RLY. A two-way ANOVA was performed to 
analyse whether strain selection or culture media was most important for 
influencing lipid yields in the Gordonia species and whether there was a specific 
interaction between individual strains and specific media resulting in higher 
quantities of lipids; attributing to the substantially lower maximum RLY values 
obtained for Bacillus sp. NCIMB 10403 when compared to the Gordonia 
species, this strain was not included in the analysis to avoid skewing of the 
data. A Kolmogorov-Smirnof test was used to confirm that the data was 
normally distributed prior to carrying out the analysis. Bonferroni post-tests were 
subsequently performed to make individual comparisons between tests within a 
single condition variable. 
Strain selection accounted for 34.4 % of the total variance in maximum 
RLYs of the cultures (2-way ANOVA; dfn = 3, dfd = 64, f = 164.9, P < 0.05), 
indicating that there is a significant difference in maximum RLYs obtained 
between the Mycobacterium sp. NCIMB 10403 cultures and those of the three 
Gordonia strains independent of media. Media selection accounted for 21.8 % 
of the total variance in maximum RLYs of the cultures (2-way ANOVA; dfn = 3, 
dfd = 64, f = 104.6, P < 0.05), showing that there is a significant difference in 
maximum RLYs obtained between the four media independent of strain. The 
interaction of the strain with the media accounted for 39.4 % of the total 
variance in maximum RLYs of the cultures (2-way ANOVA; dfn = 9, dfd = 64,     
f = 63.0, P < 0.05), demonstrating that the impact that media has upon culture 
lipid yield is strictly dependant upon the strain of bacterium. In summary, the 
lipid-synthesising capability of these bacterial cultures was dependent upon the 
bacterial strain, the media used and upon a specific interaction between the 
strains and media. 
Gordonia sp. NCIMB 10403 Bacillus sp. NCIMB 10403 comparison: 
Maximum RLYs were 3.9-fold (P < 0.05), 10.1-fold (P < 0.05), 19.3-fold           
(P < 0.05), and 17.8-fold (P < 0.05), higher for Gordonia sp. NCIMB 10403 than 
for Bacillus sp. NCIMB 10403 when cultured in TS, BSM-, REX and RAC media 
respectively (Fig. 2.14).  
Gordonia sp. NCIMB 10403 Mycobacterium sp. NCIMB 10403 
comparison: Maximum RLYs were not significantly different between Gordonia 
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Fig. 2.14  Maximum Relative Lipid Yields of Gordonia sp. NCIMB 10403 
Compared to Other Bacterial Cultures 
Maximum relative lipid yields were calculated from the Nile red fluorescence (arbitrary units) 
and OD600nm values measured from cultures of Gordonia sp. NCIMB 10403, Mycobacterium sp. 
NCIMB 10403, Bacillus sp. 10403, Gordonia paraffinivorans HD321 and Gordonia terrae DSM 
43342 over the entire period of growth. Bacteria were cultured in TS (black), BSM- (white), REX 
(grey) and RAC (red) media. Bars represent the mean of 5 independent replicates with 
standard error bars shown. 
!!Mycobacterium 10403     Gordonia 10403          Bacillus 10403        G. paraffinivorans           G. terrae 
        
Strain                 
0
10000
20000
30000
40000
50000
60000
70000
80000
90000
100000
!!!!!!!!!!! !"# ! ! !$#%&!
! !'()! ! !'*+!
CHAPTER 2 –  LIPID AND HYDROCARBON BIOSYNTHESIS IN MYCOBACTERIUM SP. 
  73 
sp. NCIMB 10403 and Mycobacterium sp. NCIMB 10403 when cultured in TS 
medium (Bonferroni corrected t-test; t = 0.80, P > 0.05), BSM- (Bonferroni 
corrected t-test; t = 0.25, P > 0.05) and REX medium (Bonferroni corrected       
t-test; t = 0.95, P > 0.05). However, when cultured in RAC medium, the 
maximum RLY was 3.5-fold greater for Gordonia sp. NCIMB 10403 (Bonferroni 
corrected t-test; t = 6.0, P < 0.05) (Fig. 2.14). The large difference observed in 
RAC medium was due to both a 2.2-fold increase in maximum RLY for 
Gordonia sp. NCIMB 10403 when cultured in RAC medium compared to BSM- 
and a 1.7-fold decrease in maximum RLY for Mycobacterium sp. NCIMB 10403 
when cultured in RAC medium compared to BSM-. 
Gordonia sp. NCIMB 10403 G. terrae DSM 43342 comparison: Maximum 
RLYs were not significantly different between Gordonia sp. NCIMB 10403 and 
G. terrae DSM43342 when cultured in TS medium (Bonferroni corrected t-test;  
t = 2.3, P > 0.05) and REX medium (Bonferroni corrected t-test; t = 2.0,             
P > 0.05). However, maximum RLYs were 1.7-fold greater for G. terrae when 
cultured in BSM- (Bonferroni corrected t-test; t = 2.7, P < 0.05) and 3.5-fold 
greater for G. terrae when cultured in RAC medium (Bonferroni corrected t-test; 
t = 21.2, P < 0.05) (Fig. 2.14). Notably, the maximum RLY of G. terrae was    
4.5-fold higher when cultured in RAC compared to BSM-. 
In summary, lipid yields of Gordonia sp. NCIMB 10403 were consistently 
higher than Bacillus sp. NCIMB 10403 irrespective of culture media. However, 
Gordonia sp. NCIMB 10403 failed to obtain higher lipid yields than 
Mycobacterium sp. NCIMB 10403, except when cultured in RAC medium. G. 
paraffinivorans failed to yield any significantly higher lipid yields than Gordonia 
sp. NCIMB 10403 in any media. Highest lipid yields were observed in G. terrae 
DSM 43342, notably when the bacterium was cultured in RAC medium.  
2.3.8  Comparison of Intracellular Lipids in Gordonia terrae DSM 43342  
Confocal microscopy of Nile-red stained cells was performed in order to 
confirm and compare the difference in lipid accumulation in G. terrae DSM 
43342 when cultured in RAC and BSM- to the late-exponential growth phase. 
G. terrae displayed far greater fluorescence when cultured in RAC when 
compared to BSM- (Fig. 2.15). There were also cellular morphological 
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  A                                                             B 
 
 
             C 
Fig. 2.15  Cellular Fluorescence of Nile Red-Stained Gordonia terrae Cells 
Gordonia terrae DSM 43342 was cultured to the late-exponential growth phase in BSM- (A) and 
RAC (B and C) media and imaged using laser-scanning confocal microscopy following staining 
using Nile red reagent. 
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differences between the two cultures. When cultured in BSM-, the bacterium 
grew in long filaments up to 30 µm long. When cultured in RAC the cells were 
shorter and did not grow in filaments. Furthermore, the majority of lipids in the 
bacterium when cultured in RAC appeared to be present in intracellular lipid 
inclusions rather than being membrane-bound. 
2.3.9  Organic Products in Gordonia sp. NCIMB 10403 
GCxGC was performed on DCM extracts of Gordonia sp. NCIMB 10403 
cultured to the late-exponential growth phase in BSM- and RAC media. A series 
of C13-C17 saturated aldehydes and C16-C18 saturated fatty acids were detected 
in the extract obtained from the bacterium when cultured in RAC (Fig. 2.16). 
Both the aldehyde and fatty acid series were present at a combined 
concentration below the 10 µg ml-1 D8-naphthalene internal standard, 
contributing to <0.1 % of the CDM. Aldehydes and fatty acids were not detected 
in the extract obtained from Gordonia sp. NCIMB 10403 cultured in BSM- (Fig. 
2.16). However, a series of long chain alkanes (C14-C30) were identified but 
were present in this extract at a total concentration well below the 10 µg ml-1  
D8-naphthalene internal standard, contributing to <0.1 % of the CDM. The 
alkanes were only detected in trace concentrations and displayed a distribution 
highly similar to mineral oil and so their presence in the bacterial CDM 
appeared to result from contamination and not from bacterial biosynthesis. Two 
further extracts obtained from the bacterium cultured in BSM- to the late-
exponential growth phase were analysed using GC-MS. Neither extract was 
found to contain alkanes. These results gave no indication that Gordonia sp. 
NCIMB 10403 possesses the capacity to synthesise hydrocarbons.  
2.3.10  Organic Products in Gordonia terrae DSM 43342 
A DCM extract was obtained from G. terrae DSM 43342 cultured in RAC 
to the late-exponential growth phase and analysed using GCxGC. The 
predominant organic products detected in the G. terrae extract were identified 
as fatty acids and were present at a concentration of 14.1 mg g-1 CDM, 
equating to 1.41 % (w/w) (Fig. 2.17). However, long chain fatty acids only 
accounted for 15 % of the total fatty acids. A number of other compounds - 
including aldehydes, ketones and methyl esters - were detected in the extract 
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PEAK NUMBER IDENTITY 
1 D8-naphthalene (10 µg ml-1 internal standard) 
2 Silicon (column bleed peaks) 
3 Aldehydes, saturated long chain (C13-C17) 
4 Fatty acids, saturated long chain (C16-C18) 
5 Alkanes, long chain (C14-C30) 
Fig. 2.16  Organic Products of Gordonia sp. NCIMB 10403  
Organic compounds were extracted in DCM from dried Gordonia sp. NCIMB 10403 cells in late-
exponential growth phase. A GCxGC-TIC for an extract obtained from the bacteria when 
cultured in BSM- is shown in A. A GCxGC-TIC for an extract obtained from the bacteria when 
cultured in RAC medium is shown in B. A summary of products identified in both extracts is 
shown in the table below the GCxGC-TIC images. 
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PEAK NUMBER IDENTITY TOTAL CONCENTRATION (mg g-1 CDM) 
1 Fatty acid, saturated (C4) 1.32 
2 Fatty acid, saturated (C4) 0.245 
3 Fatty acid, saturated (C5) 0.203 
4 Fatty acid, saturated (C5) 10.2 
5 D8-naphthalene (10 µg ml-1 internal standard) n/a 
6 No match (m/z 55, 83, 103, 168) 0.116 
7 No match (m/z 55, 83, 101, 117) 0.512 
8 Fatty acid, saturated long-chain (C16) 0.750 
9 Fatty acid, saturated long-chain (C18) 1.05 
10 Fatty acid, saturated long-chain (C18) 0.306 
Fig. 2.17  Organic Products of Gordonia terrae 
Organic compounds were extracted in DCM from dried Gordonia terrae DSM 43342 cells 
cultured in RAC to late-exponential growth phase. A GCxGC-TIC for the extract and a table 
summarising the products identified in the extract are shown above. All concentrations were 
calculated relative to the 10 µg ml-1 D8-naphthalene internal standard. 
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although they were present at trace concentrations. Importantly, no alkanes 
were detected in the extract. 
2.3.11  Screening for High-Lipid-Accumulating Bacteria in Environmental Soil 
Samples 
In an attempt to re-isolate the bacterium with the high-alkane-producing 
phenotype originally characterised as Mycobacterium sp. NCIMB 10403, soil 
samples were taken from the same coordinates as described by Jones & 
Edington (Grid reference SN. 932118) (Jones & Edington, 1968). Although 
optimistic, carrying out these attempts was justified by acknowledging that this 
site is potentially an environment that encourages bacterial alkane synthesis. 
High-throughput screening of the microbial population in these samples was 
performed using fluorescent-activated cell sorting (FACS) in tandem with Nile 
red staining to isolate the highest lipid-accumulating microbes in the samples. 
Lipid yields of these isolates were then compared to Gordonia sp. NCIMB 
10403, and any isolates resembling Gordonia sp. NCIMB 10403 in regards to 
colony morphology, using the Nile red assay.  
Only a single colony obtained on the agar cultures that were inoculated 
from the FACS-sorted cells showed similar colony morphology to Gordonia sp. 
NCIMB 10403. However, a 956-bp consensus 16s rDNA sequence that was 
obtained for the isolate showed greatest homology to a number of Paracoccus 
spp., notably Paracoccus sp. jx9 (coverage: 99 %, identity: 99 %). Neither the 
Paracoccus sp., nor any of the other high-lipid-accumulating strains isolated 
using FACS, possessed a higher maximum RLY than Gordonia sp. NCIMB 
10403 when compared using the Nile red assay. Of all the environmental 
isolates, the Paracoccus sp. had the highest lipid yield. However, alkanes were 
not detected in DCM extracts of Paracoccus sp. when cultured to the late-
exponential growth phase in RAC medium or BSM-. 
2.4. Discussion 
Alkanes were detected only at trace concentrations, approximately 1000-
fold lower than those reported, in cultures inoculated directly from the 
Mycobacterium sp. NCIMB 10403 sample under conditions described for 
optimal biosynthesis of alkanes (Jones, 1969). Despite some overlap in the 
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carbon chain length distributions, the predominant alkanes identified in 
Mycobacterium sp. NCIMB 10403 when cultured in BSM- were in the C15-C18 
range and shorter than those reported (C27-C29) (Jones, 1969). In addition, 
appreciable quantities of alkanes were not detected in further cellular extracts of 
Mycobacterium sp. NCIMB 10403 when cultured in BSM-, REX and LB media. 
In consideration of the low level and broad distribution of alkanes in the 
samples in which they were detected, a strong possibility exists that these 
alkanes were not of biological origin. Therefore, it would need to be 
demonstrated that the bacterium could incorporate carbon from stable or 
radioactive isotope-labeled organic substrates directly into alkanes to confirm 
that the alkanes are biogenic. However, far higher alkane yields would be 
needed to warrant such an approach. 
Throughout subculturing, phenotypic variations were observed between 
Mycobacterium sp. NCIMB 10403 cultures. This suggested that the sample was 
contaminated with at least one other microbial strain. Electron microscopy, 
DGGE and 16s rDNA sequencing, confirmed the presence of two bacterial 
strains in the Mycobacterium sp. NCIMB 10403 sample. The dominant strain 
was identified as a Gordonia sp. and was proposed to be the bacterium 
originally characterised as Mycobacterium sp. NCIMB 10403 in account of the 
phenotypic and phylogenetic similarities between the Gordonia and 
mycobacteria taxa. Based upon the 16s rDNA sequence homologies, notably in 
the two hyper-variable regions between nucleotide positions 136 to 229 and 
996 to 1028, the results provided evidence that the bacterium should be 
reclassified as a strain of Gordonia paraffinivorans. The Gordonia taxon, 
formerly Gordona, was only proposed in 1971 (Tsukamura, 1971), 3 years after 
the isolation of the Mycobacterium sp. NCIMB 10403 sample, and so it is 
unsurprising that the bacterium is currently attached with the incorrect 
nomenclature. However, this reclassification offers an interesting contradiction 
with the term “paraffinivorans”, literally translated as alkane-eating. The name 
was attributed to the type strain of the Gordonia species because it possesses 
the capacity to degrade alkanes (Xue et al., 2003). Although this information 
appears paradoxical when considered alongside the findings of Jones (Jones, 
1969), enzymatic catalysis is often a reversible process, whereby an array of 
environmental influences can affect the direction of a biochemical reaction in 
CHAPTER 2 –  LIPID AND HYDROCARBON BIOSYNTHESIS IN MYCOBACTERIUM SP. 
  80 
dynamic equilibrium in accordance with Le Chatelier’s principle. Although the 
synthesis and degradation of fatty acids is mediated through different pathways 
- FAS and β-oxidation respectively - associated pathways that feed into these 
processes are reversible. For example, the Pta-AckA pathway of Escherichia 
coli is a reversible biochemical pathway responsible for the formation of acetyl 
phosphate from acetyl-coenzyme A, whereby the direction of catalysis is 
dependent upon the environmental concentrations of acetate - an intermediate 
product in the reaction (Guest, 1979;  Wanner & Wilmes-Riesenberg, 1992). 
Furthermore, Cheesbrough and Kolattukudy demonstrated that a 
decarbonylase involved in alkane synthesis in the uropygial gland of Podiceps 
nigricollis (Eared Grebe), also functions reversibly, catalysing the synthesis of 
hexadecane and carbon monoxide from octadecanal whilst also capable of 
mediating the incorporation of 14CO directly into octadecanal (Cheesbrough & 
Kolattukudy, 1988). It is therefore conceivable that bacterial species could 
mediate degradation and biosynthesis of alkanes through the same, or similar, 
biochemical and genetic pathways. 
The lesser abundant strain in the sample was identified as a Bacillus sp. 
based upon its 16s rRNA sequence and was considered the “contaminating” 
strain due to its low prevalence in the sample and due to the significant 
phenotypic and genetic differences that exist between bacilli and mycobacteria. 
Although the presence of this bacterium in the sample was confirmed by its 
identification in multiple samples of Mycobacterium sp. NCIMB 10403, the 
original source of contamination is indeterminable. However, a Bacillus sp. was 
identified in the environmental sample from which Mycobacterium sp. NCIMB 
10403 was isolated (Jones & Edington, 1968). This Bacillus sp. may therefore 
be the same bacterial strain that is present in the Mycobacterium sp. NCIMB 
10403 sample. 
Due to the issue of contamination, the deficiency in alkanes in cultures of 
Mycobacterium sp. NCIMB 10403 may therefore have been predicted to be due 
to the Gordonia sp. being out-competed by the Bacillus sp. present in the 
sample. Equally, it may have been possible that the Bacillus sp. was actively 
inhibiting the alkane biosynthetic pathway of the Gordonia sp. Significant 
alteration of metabolic status through inter-species interactions has been well-
demonstrated in bacterial mixed-cultures (Abram & Nedwell, 1978a;  Straight & 
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Kolter, 2009), and has often shown to be mediated through the action of 
quorum sensing (Riedel et al., 2001; Federle & Bassler, 2003). It is therefore 
logical to conceive that inter-species interactions may have significantly altered 
the metabolic profiles of the bacteria present in Mycobacterium sp. NCIMB 
10403 cultures. Attempts were therefore made to firstly isolate the Gordonia sp. 
from the Mycobacterium sp. NCIMB 10403 sample and optimise lipid synthesis 
before further analysing for evidence of alkane synthesis. 
Gordonia sp. NCIMB 10403 consistently achieved higher lipid yields than 
Bacillus sp. NCIMB 10403, giving further evidence to suggest that Gordonia sp. 
NCIMB 10403 was the bacterium classified as a mycobacterial specie (Jones, 
1969). Surprisingly, significant differences in lipid yields were not observed 
between Gordonia sp. NCIMB 10403 and Mycobacterium sp. NCIMB 10403 
when cultured in BSM-, TS and REX media. Given the predicted relative 
abundances of the Gordonia sp. and Bacillus sp. in 1st subcultures of the 
bacterium based upon DGGE, it is logical to hypothesise that the lipid yields 
would be substantially lower in the Mycobacterium sp. NCIMB 10403 cultures. 
However, the DNA content extracted may not accurately reflect the DNA 
content in the culture – especially given the differences in cell wall structure 
between the Bacillus and Gordonia taxons (Anderson et al., 1978;  Arenskotter 
et al., 2004) and the potential impact this may have upon cell lysis in DNA 
extraction procedures - and so a direct correlation between relative DNA levels 
and strain abundances cannot be assumed in such cultures. In contrast to 
growth in other media, a significant difference in maximum lipid yields was 
observed between Gordonia sp. NCIMB 10403 and Mycobacterium sp. NCIMB 
10403 when cultured in the optimised low-nitrogen and low-phosphate RAC 
medium. Mycobacterium sp. NCIMB 10403 showed a decrease in lipid 
synthesis when cultured in RAC compared to in BSM-, thus accounting for 
some of the variance observed. It is possible that RAC offered a selective 
advantage for the Bacillus sp. in the sample, thereby lowering total lipid yield by 
reducing the relative abundance of the Gordonia sp. in the sample. However, 
total lipids in Gordonia sp. NCIMB 10403 remained 2.2-fold higher when 
cultured in RAC compared to growth in BSM-. The media impact was more 
marked in G. terrae; the bacterium assimilated 4.5-fold higher total lipid yields 
when cultured in RAC medium compared to in BSM-. These findings correlated 
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with those of Gouda et al. (Gouda et al., 2008) who reported an increase in the 
production of total lipids by Gordonia sp. DG when media concentrations of 
NH4Cl were reduced from 0.45 g l-1 to 0.05 g l-1. 
Despite purification of the Gordonia sp. in the Mycobacterium sp. NCIMB 
10403 sample and optimisation of lipid biosynthesis, alkanes were not detected 
in DCM extracts obtained from the cellular mass of Gordonia sp. NCIMB 10403 
cultures. Furthermore, far lower levels of fatty acids were detected in extracts of 
Gordonia sp. NCIMB 10403 than in extracts of Mycobacterium sp. NCIMB 
10403 when cultured in BSM-. This implied that the majority of fatty acids in 
cultures of Mycobacterium sp. NCIMB 10403 were synthesised by the Bacillus 
sp. present. However, further replicates would be required to confirm this 
prediction. Moreover, alkanes were not detected in a DCM extract of G. terrae 
cultured in RAC medium. In consideration of the GCxGC profiles and data 
obtained from the Nile red staining investigation, it appears likely that the 
increase in lipid synthesis observed in the Gordonia sp. NCIMB 10403 and G. 
terrae when cultured in RAC medium is due to an increase in production of 
polar lipids. High concentrations of triacylglycerols (TAGs) have been observed 
in strains of Corynebacterineae when cultured in nutrient-limiting conditions 
(Garton et al., 2002; Gouda et al., 2008). TAG synthesis is therefore potentially 
responsible for the higher quantities of lipids observed in the Gordonia species 
when cultured in RAC medium compared to when cultured in BSM-. Although 
TAGs are useful from a biofuels perspective as they may be utilised directly as 
a feedstock for the industrial manufacture of biodiesel (Hu et al., 2008) the 
drivers for this study relate specifically to ‘drop-in’ fuels and so further research 
into the confirmation of the identities of lipids in Gordonia terrae and the nature 
of their synthesis was not justifiable. 
In summary, the results gave no evidence that Mycobacterium sp. NCIMB 
10403 possesses the capacity to produce alkanes, giving contradictory 
evidence to previous research (Jones, 1969).  A comprehensive discussion as 
to the reasoning behind these conflicting findings is presented in the final 
discussion. To continue this study, it was therefore necessary to analyse 
alternative bacterial strains for evidence of alkane biosynthesis. 
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CHAPTER 3  –  HYDROCARBON BIOSYNTHESIS IN  
DESULFOVIBRIO DESULFURICANS 
3.1. Introduction 
The sulphate-reducing bacteria (SRB) are a diverse group of anaerobic 
microorganisms that are abundant in subsurface microbial ecosystems and play 
essential roles in both the carbon and sulphur cycles (Muyzer & Stams, 2008). 
SRB are distinguished by the ability to utilise dissimilatory sulphate reduction, 
coupled to proton-driven and substrate-level ADP phosphorylation, as a means 
of obtaining energy whereby sulphate is used as a terminal electron acceptor in 
the oxidation of organic matter (Voordouw, 1995). Seven divergent lineages of 
SRB are currently recognised, consisting of 5 bacterial and 2 archaeal divisions 
(Muyzer & Stams, 2008). The best characterised lineage is represented by the 
sulphate-reducing Desulfovibrionales, situated within the Gram-negative          
δ-proteobacteria (Devereux et al., 1990). The lineage is generally considered to 
contain four distinct families, Desulfovibrionaceae, Desulfomicrobaceae, 
Desulfohalobiaceae and Desulfonatronumaceae (Brenner et al., 2005),  
although an alternative phylogenetic classification  suggested that the latter two 
families should be categorised within the Desulfovibrionaceae (Castro et al., 
2006). The Desulfovibrionaceae consist of predominantly rod-shaped, motile 
mesophiles that may exist as either obligate or facultative anaerobes (Postgate 
& Campbell, 1966;  Brenner et al., 2005). 
The metabolism of SRB has generated substantial interest from several 
perspectives. Although the ascribed nomenclature infers that the SRB utilise 
only sulphate as a terminal electron acceptor, a wide array of electron 
acceptors are usable for growth including nitrate (Keith & Herbert, 1983;  
Dannenberg et al., 1992), oxygen (Cypionka, 2000;  Heidelberg et al., 2004) 
and a variety of oxidised heavy metals including Chromium (VI), Uranium (VI), 
Manganese (VI), Iron (III), Molybdenum (VI) and Technetium (VII) (Henrot, 
1989;  Tucker et al., 1997;  Tebo & Obraztsova, 1998). Consequently, their use 
in bioremediation programs is strongly advocated (Gadd, 2004;  Whitehead & 
Prior, 2005). Furthermore, the SRB contribute significantly towards biocorrosion 
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in both terrestrial and marine habitats (Beech & Sunner, 2004), and their 
metabolic status is predicted to be more important in determining the extent of 
corrosion than their relative abundance (Beech, 2003). Most importantly for this 
investigation, the SRB are of interest from a biofuels perspective. Over the past 
60 years, numerous research groups have documented the synthesis of 
alkanes by SRB, notably by the Desulfovibrio. Jankowski and ZoBell (1944) 
were first to report that Desulfovibrio spp. may possess the ability to synthesise 
hydrocarbons, describing the formation of oil-like products when these bacteria 
were grown in sea water containing fatty acids as the sole organic carbon 
source (Jankowski & ZoBell, 1944). Extracts from the cultures contained a 
variety of aliphatic hydrocarbons, ranging from C10-C25 in length. Oppenheimer 
(1965) also reported the formation of hydrocarbons in cultures of sulphate-
reducing bacteria, with the microbes producing up to 1.2 % (w/w) hydrocarbon-
like materials when grown in the presence of a Pseudomonas sp. 
(Oppenheimer, 1965). Davis subsequently reported that D. desulfuricans 
(NCIMB 8326) produced up to 9% of its cellular mass in lipid, of which 
approximately 25% was saturated hydrocarbons consisting primarily of C25-C35 
alkanes (Davis, 1968). Han and Calvin also described the production of alkanes 
by a strain of D. desulfuricans (‘Essex 6’), with predominant alkanes C19-C22 in 
length (Han & Calvin, 1969). Recently, Bagaeva et al. reported the formation of 
extracellular hydrocarbons by a variety of SRB (Bagaeva, 1997). Greatest 
alkane production was reported to occur in D. desulfuricans VKM 1799 (‘Essex 
6’) with the bacterium producing up to 24 mg l-1 alkanes, equivalent to 11 % of 
protein biomass (Bagaeva & Belyaeva, 2000). Further strains of D. 
desulfuricans, such as D. desulfuricans G20, have also been reported to 
synthesise alkanes (Friedman & Rude, 2010;  Louis et al., 2010). 
The numerous reports of alkane biosynthesis by D. desulfuricans, and 
possibilities afforded by access to a fully sequenced genome, gave justification 
that the bacterium was a good candidate in which to study bacterial alkane 
biosynthesis. This study aimed to confirm the reports in the literature by 
culturing different strains of D. desulfuricans in the media used for alkane 
biosynthesis by Bagaeva et al. (Bagaeva & Chernova, 1994;  Bagaeva, 1997;  
Bagaeva, 2000;  Bagaeva & Belyaeva, 2000) and Davis (Davis, 1968). The 
study also aimed to attain both alkane-yielding and non-alkane-yielding cultures 
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of D. desulfuricans as a means to employ a bioinformatics approach to identify 
potentially important genes in regulating hydrocarbon biosynthesis in the 
bacterium. 
In this investigation, alkanes were not detected in intracellular or 
extracellular lipid extracts of D. desulfuricans ‘Essex 6’ at levels any higher than 
trace concentrations, thereby contrasting with the reports of Han and Calvin 
(Han & Calvin, 1969) and Bagaeva et al. (Bagaeva & Chernova, 1994;  
Bagaeva, 1997;  Bagaeva, 2000;  Bagaeva & Belyaeva, 2000). Furthermore, 
only trace concentrations of alkanes were detected in extracts obtained from 
cultures of D. desulfuricans NCIMB 8312. However, substantial quantities of 
alkanes were detected in DCM extracts of D. desulfuricans NCIMB 8326 when 
cultured in two separate media although the relative concentration respective to 
dry weight and the carbon chain length distribution of the alkanes differed 
considerably to those reported (Davis, 1968). 
3.2 Materials and Methods 
3.2.1  Strains and Culture Conditions  
Lyophilised samples of Desulfovibrio desulfuricans ‘Essex 6’ NCIMB 8307, 
NCIMB 8312, NCIMB 8326 and NCIMB 12833 were obtained from NCIMB. 
Stock cultures of all strains were cultivated in Postgate’s medium B (PMB) 
(Postgate, 1979) (6 ml l-1 60 % sodium lactate; 2 g l-1 MgSO4.7H2O; 1 g l-1 
NH4Cl; 1 g l-1 CaSO4; 1 g l-1 Oxoid yeast extract; 0.5 g l-1 FeSO4.7H2O; 0.5 g l-1 
KH2PO4; 0.1 g l-1 ascorbic acid; 0.1 g l-1 thioglycolic acid). Experimental cultures 
were cultivated in Postgate’s medium C (PMC) (Postgate, 1979) (10 ml l-1  60 % 
sodium lactate; 4.5 g l-1 Na2SO4; 1 g l-1 NH4Cl; 1 g l-1 Oxoid yeast extract;       
0.5 g l-1 KH2PO4; 0.3 g l-1 Sodium citrate; 0.06 g l-1 MgSO4.7H2O; 0.06 g l-1 
CaCl2.6H2O; 0.004 g l-1 FeSO4.7H2O) supplemented with 0.1 g l-1 thioglycolic 
acid and 0.1 g l-1 ascorbic acid, a modified Postgate’s medium D (MPD) 
(Postgate, 1979;  Bagaeva, 1997) (3.5 g l-1 calcium lactate; 1.6 g l-1 MgCl.7H2O; 
1 g l-1 NH4Cl; 1 g l-1 Oxoid yeast extract; 0.5 g l-1 FeSO4.7H2O; 0.5 g l-1 KH2PO4; 
0.1 g l-1 CaCl2.2H2O), and a chemically defined ‘standard medium’ (MSM) 
(Macpherson & Miller, 1963) (4.5 ml l-1 60 % sodium lactate; 3.55 g l-1 Na2SO4; 
0.54 g l-1 NH4Cl; 0.34 g l-1 KH2PO4; 0.06 g l-1 MgSO4.7H2O; 0.055 g l-1 CaCl2; 
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0.007 g l-1 FeSO4.7H2O; trace element solution [media concentrations of:      
285 µg l-1 H3BO3; 220 µg l-1 ZnSO4.7H2O; 200 µg l-1 MnSO4.H2O; 125 µg l-1 
CuSO4; 105 µg l-1 Na2MoO4.2H2O]). All media were degassed with N2 for 20 
min and adjusted to pH 7.2 - 7.4 using 5 M NaOH prior to autoclaving. MPD 
was supplemented with a redox-poising solution that consisted of Na2S (media 
concentration: 500 µg l-1) and NaHCO3 (media concentration: 500 µg l-1). MSM 
was supplemented with a redox-poising solution that consisted of Na2S (media 
concentration: 78 mg l-1). All redox-poising and trace element solutions were 
prepared as 1000x concentrated stocks and were filter-sterilised using a 0.2 µm 
filter. They were added to the relevant media subsequent to autoclaving. Tables 
displaying the media ingredients can be viewed in Appendices 3.1 and 3.2. 
Cultures were incubated without shaking in a H2:CO2:N2 (1:1:8, (v/v/v)) 
atmosphere at 30 °C. Gas emitted from cultures in fermentation vessels was 
passed through a solution containing 5 % Zn acetate and 1 % Na acetate to 
adsorb released H2S gas. All strains were maintained as frozen stocks in 15 % 
glycerol at -80°C.  
3.2.2  Harvesting Cellular Dry Mass 
Harvesting of the CDM was performed as described in Section 2.2.8. 
3.2.3  Harvesting Culture Supernatants 
Supernatants were sampled from cultures subsequent to harvesting of the 
CDM. Approximately 40 ml of supernatant was transferred to a 50 ml falcon 
tube and flash-frozen in liquid nitrogen. All samples were stored at -80 °C. 
3.2.4  Dichloromethane Extraction of Cellular Organic Products 
Extraction of cellular organic products was performed as described in 
Section 2.2.9. 
3.2.5  Fractionation of Dichloromethane Extracts 
Fractionation was performed to separate residual cyclic octaatomic 
sulphur commonly present in DCM extracts from any alkanes present. Dried 
DCM extracts were redissolved in 1 ml hexane and passed through a Discovery 
silver–ion column (750mg/6 ml) (Supelco) that had been rinsed successively 
with 5 ml acetonitrile, 5 ml acetone and 5 ml hexane. Sequential elutions were 
CHAPTER 3 –  HYDROCARBON BIOSYNTHESIS IN DESULFOVIBRIO DESULFURICANS 
  87 
performed using 5 ml hexane, 5 ml hexane:acetone (9:1, v/v), and 5 ml acetone 
with each elution collected in a separate 20 ml scintillation vial. The solvents 
present in the elutions were then evaporated under a stream of N2 gas. 
3.2.6  Preparation and Derivatisation of Organic Products 
Dried fractionated DCM organic extracts were prepared for GC-MS by 
redissolving in 300 µl of 5 µg ml-1 D8-naphthalene in DCM. Samples were then 
transferred to autosampler vials. Alternatively, organic extract fractions were 
prepared and derivatised as described in Section 2.2.10. Samples were 
redissolved in 500 µl DCM as opposed to 1 ml 5 µg ml-1 D8-naphthalene in 
DCM. All glassware was rinsed with acetone and DCM prior to use. 
3.2.7  Extraction of Extracellular Organic Products 
Extraction was performed using the Bligh and Dyer method (Bligh & Dyer, 
1959). An 8 ml aliquot of culture supernatant was transferred to a 100 ml round-
bottomed flask, into which 10 ml methanol and 20 ml chloroform was added. 
The sample was acidified with 1 ml of 1M HCl and then 50 µg C17:0 fatty acid 
was added as an internal standard. The samples were shaken at 80 rpm for   
16 – 20 hours at 4°C. 10 ml of chloroform was added and the sample was 
shaken for 1 min before 10 ml of 0.9% NaCl was added and shaken for 1 min. 
Following phase separation the lower, organic phase was removed using a 
glass pipette and transferred to a 100 ml round-bottomed flask. The solvent was 
evaporated using a rotary evaporator until approximately 5 ml of the sample 
remained. The sample was transferred to a 20 ml scintillation vial and the 
residual solvent was evaporated under a stream of N2 gas. Derivatisation was 
performed as described in Section 2.2.10. Samples were redissolved in 200 µl 
DCM as opposed to 5 µg ml-1 D8-naphthalene in DCM. All glassware was 
thoroughly rinsed with acetone and DCM prior to use.  
3.2.8 Gas Chromatography – Mass spectrometry 
GC-MS was performed as described in Section 2.2.11. 
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3.3. Results 
3.3.1. Growth of Desulfovibrio desulfuricans 
Growth analyses of D. desulfuricans NCIMB 8307, D. desulfuricans 
NCIMB 8312 and D. desulfuricans NCIMB 8326 were performed in MSM, MPD 
and PMC. When cultured in MPD, the bacteria produced a dark black 
precipitate preventing measurement of OD600nm. Instead, the cellular dry 
masses (CDMs) of separate cultures were measured to give an indication of 
bacterial growth. 
D. desulfuricans NCIMB 8307 showed very slow growth over 24 days 
when cultured in MSM and achieved a maximum OD600nm of 0.3 (Fig. 3.1A). 
The strain was cultured over a period of 7 days in PMC and attained a 
maximum OD600nm of 0.5 after 4 days. The maximum cellular mass was 
obtained for the strain after 6 days when cultured in MPD and achieved a CDM 
of 0.75 g l-1 indicating that the bacterium had probably entered the stationary 
growth phase at this time. D. desulfuricans NCIMB 8312 also showed very slow 
growth over 24 days when cultured in MSM, achieving a maximum OD600nm of 
0.4 after 20 days (Fig. 3.1B). Furthermore, the strain was cultured over a period 
of 7 days in PMC and attained a maximum OD600nm of 0.6 after 4 days. The 
maximum cellular mass for the strain was obtained after 8 days when cultured 
in MPD, achieving a CDM of 0.7 g l-1. D. desulfuricans NCIMB 8326 displayed 
far slower growth than D. desulfuricans NCIMB 8307 and D. desulfuricans 
NCIMB 8312 (Fig. 3.1C). D. desulfuricans NCIMB 8326 showed very slow, 
potentially negligible, growth in MSM, achieving an OD600nm of 0.25 after 24 
days. The bacterium also showed slow growth in PMC over a period of 10 days 
and attained a maximum OD600nm of 0.55 after 8 days. When cultured in MPD, 
the maximum cellular mass for the strain was obtained after 8 days, achieving a 
CDM of 0.6 g l-1. 
3.3.2  Determining Suitable Grinding Agent for Dichloromethane Extraction  
In order to determine the most suitable grinding agent for extraction of 
non-polar and moderately polar organic products from bacterial cell extracts, 
control extractions were performed on acid-washed sand and diatomaceous 
earth and analysed using GC-MS. Alkanes were detected in the DCM extract of
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A 
 
B 
 
C 
Fig. 3.1  Growth of Desulfovibrio desulfuricans 
D. desulfuricans NCIMB 8307 (A) was cultured in: (i) MPD; (ii) MSM and (iii) PMC.                   
D. desulfuricans NCIMB 8312 (B) was cultured in: (i) MPD; (ii) MSM and (iii) PMC.                   
D. desulfuricans NCIMB 8326 (C) was cultured in: (i) MPD; (ii) MSM and (iii) PMC.             
Points represent the mean OD600nm (for MSM and PMC) of 3 independent replicates, or mean 
CDM (for MPD) of 3 independent replicates, with standard error bars shown. 
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acid-washed sand and were present at a total concentration of 4.99 µg g-1 (w/w) 
(Fig. 3.2). Comparison of retention times and mass spectra to an n-alkane 
standard (Appendix 3.3) identified the alkanes giving retention times of 14.31 
min and 15.28 min as n-heptadecane (C17H36), and n-octadecane (C18H38) 
respectively. Alkanes without complementing retention times in the n-alkane 
standard could not be confirmed from their mass spectra alone. Alkanes were 
not detected in the DCM extract of diatomacious earth (Fig. 3.3), confirming it to 
be the more suitable grinding agent. 
3.3.3  Analysis of Hydrocarbon Biosynthesis in Desulfovibrio desulfuricans 
NCIMB 8307 
Long chain alkanes (retention times: 14.54 min, 16.73 min) were detected 
in a DCM extract obtained from D. desulfuricans NCIMB 8307 cultured in MPD 
to the late-exponential growth phase although only at trace concentrations (total 
concentration: 2.54 µg g-1 CDM) (Fig. 3.4 & Fig. 3.5). The carbon chain lengths 
of the alkanes could not be determined by comparison to an n-alkane standard 
or from their mass spectra. A substantial quantity of cyclic octaatomic sulphur 
was also detected in the extract, present at a concentration of 5.14 mg g-1 (Fig. 
3.5). Two further DCM extracts obtained from D. desulfuricans NCIMB 8307 
cultured in MPD were analysed. However, only trace quantities of alkanes     
(<5 µg g-1 CDM) were detected in these samples. DCM extracts were further 
obtained from D. desulfuricans NCIMB 8307 cultured in MPD for 2, 4, 6 and 8 
days to determine whether alkane biosynthesis was growth phase-specific. 
Alkanes were not detected in quantities any higher than trace concentrations, 
remaining between 4-6 µg g-1 CDM over the period of growth (Fig. 3.6). 
Extracellular lipids extracted from the supernatant of three late-exponential 
growth phase cultures of D. desulfuricans NCIMB 8307 in MPD were also 
investigated for the presence of alkanes. The extracts were analysed alongside 
a lipid extract of MPD media (Appendix 3.4) and a 230 µg ml-1 derivatised       
n-heptadecanoic acid external standard to determine the relative concentrations 
of organic products in the extracellular extracts. The peak area of the C17:0 
internal standard was highly similar to the external standard, suggesting that the 
majority of the organic products in the culture supernatants were transferred 
into the extracellular extracts. However, few lipids were identified in the
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
D8-naphthalene  
(5 µg ml-1 internal standard) 7.73   
Alkane, long chain (C17) 14.31 665 2.24 
Alkane, long chain  14.77 509 0.596 
Alkane, long chain (C18) 15.28 551 0.238 
Alkane, long chain  16.49 646 1.92 
Fig. 3.2  Organic Products in Acid-washed Sand 
A DCM extract of a sample of acid-washed sand was analysed using GC-MS. A GC-TIC of the 
extract is shown above. A summary of products identified in the extract is shown in the table 
below the GC-TIC. All concentrations were calculated using the response of the 5 µg ml-1 D8-
naphthalene internal standard. Alkane chain lengths were determined by comparison to an n-
alkane standard (Appendix 3.3). Further replicates proved the chromatogram to be exemplary 
for DCM extracts of acid-washed sand.  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Fig. 3.3  GC-TIC of Diatomaceous Earth 
A DCM extract of a sample of diatomaceous earth was analysed using GC-MS. No alkanes 
were detected in the sample. Further replicates proved the chromatogram to be exemplary for 
DCM extracts of diatomaceous earth.  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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
D8-naphthalene  
(5 µg ml-1 internal standard) 7.96   
Alkane, long chain 14.54 681 1.36 
Alkane, long chain  16.73 592 1.18 
Fig. 3.4  Organic Products in Desulfovibrio desulfuricans NCIMB 8307    
Cultured in MPD  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract is 
shown above. Mass spectra of the identified alkanes are shown below the GC-TIC. A summary 
of products identified in the Ag-ion column hexane fraction is shown in the table. All 
concentrations were calculated using the response of the 5 µg ml-1 D8-naphthalene internal 
standard. Retention times of alkanes were compared to an n-alkane standard (Appendix 3.3). 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
D8-naphthalene  
(5 µg ml-1 internal standard) 8.68   
Octaatomic sulphur 18.74 912 5140 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long chain 2.54 0.000254 
Fig. 3.5  Organic Products in Desulfovibrio desulfuricans NCIMB 8307    
Cultured in MPD 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract is shown above. A summary of products identified in the Ag-ion column 
hexane:acetone (9:1, v/v) fraction is shown in the table immediately below the GC-TIC. All 
concentrations were calculated using the response of the 5 µg ml-1 D8-naphthalene internal 
standard.  A summary of organic products in the extract (including identified products in all 
fractions) is shown in the bottom table.  
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Fig. 3.6  Alkanes in Desulfovibrio desulfuricans NCIMB 8307 Cultured in MPD  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells 
harvested from cultures after 2, 4, 6 and 8 days and analysed for alkanes using GC-MS. Points 
represent the total alkane concentrations present in a single extract. 
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extracellular extracts that were not identified in the media extract. A number of 
short chain hydroxylated fatty acids were detected (retention times: 9.27 min, 
9.63 min, 9.82 min, 10.28 min, 10.82 min, 10.90 min, 11.71 min) in the 
extracellular extracts although all were at concentrations substantially below the 
internal 230 µg ml-1 n-heptadecanoic standard (Fig. 3.7). Importantly, no 
alkanes were detected. 
A series of long chain alkanes (retention times: 14.31 min, 14.82 min, 
16.53 min) were detected in DCM extracts obtained from D. desulfuricans 
NCIMB 8307 cultured in MSM to the late-exponential growth phase, although 
these were again only present at trace concentrations (total concentration: 4.96 
µg g-1 CDM) (Fig. 3.8 & Fig. 3.10). Alkanes with retention times of 14.31 min 
and 16.53 min were identified as n-hexadecane, and n-octadecane 
respectively. In addition, a series of long chain fatty acid ethanolamides 
(retention times: 17.46 min, 18.52 min, 18.67 min, 19.02 min; total 
concentration: 256 µg g-1 CDM) were identified in the Ag-ion hexane fraction of 
the extract although the carbon chain lengths were not determinable from their 
mass spectra. A long chain fatty acid alkyl ester (retention time: 29.21 min; 
mass: 93.6 µg g-1 CDM) and a series of fatty acid 1-(hydroxymethyl)-1,2-
ethanediyl esters (retention times: 29.96 min, 30.21 min, 30.61 min and 30.92 
min; total concentration: 858 µg g-1 CDM) were also detected in the Ag-ion 
column hexane fraction. However, the identity of the fatty acid                           
1-(hydroxymethyl)-1,2-ethanediyl esters was questionable as they possessed 
poor standard index scores (<800). A series of long chain saturated aldehydes 
(retention times (hexane:acetone (9:1, v/v) fraction): 14.06 min, 15.53 min; 
retention times (acetone fraction): 14.10 min, 15.56 min: total concentration: 
280 µg g-1 CDM) and long chain monounsaturated aldehydes (retention times 
(hexane:acetone (9:1, v/v) fraction): 13.81 min, 15.31 min, 15.92 min, 16.16 
min; retention times (acetone fraction): 15.96 min, 30.04 min, 30.38 min; total 
concentration: 214 µg g-1 CDM) were also identified in the extract, collectively 
contributing a total concentration of 494 µg g-1 CDM (Fig. 3.9 & 3.10). 
Monounsaturated aldehydes giving retention times of 13.81 min, 15.31 min, and 
15.92-15.96 min were identified as n-pentadecenal, n-hexadecenal and           
n-heptadecenal respectively from their mass spectra. The carbon chain lengths
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IDENTITY RETENTION TIME (MIN) SI SCORE 
Disilathiane, hexamethyl- 6.44 879 
Fatty acid, short chain, 2-((trimethylsilyl)oxy)-, trimethylsilyl ester 9.27 896 
Fatty acid, short chain, 5-methoxy-, trimethylsilyl ester 9.62 644 
Fatty acid, short chain, 3-methyl-2-((trimethylsilyl)oxy)-, 
trimethylsilyl ester 9.82 895 
Glycerol, trimethylsilyl ester of 9.95 711 
Fatty acid, short chain, 2-((trimethylsilyl)oxy)-, trimethylsilyl ester 10.28 890 
Fatty acid, short chain, 4-methyl-2-((trimethylsilyl)oxy)-, 
trimethylsilyl ester 10.82 902 
Fatty acid, short chain, 3-methyl-2-((trimethylsilyl)oxy)-, 
trimethylsilyl ester 10.90 906 
Benzeneacetic acid, trimethyl silyl ester 11.27 681 
Glycerol, trimethylsilyl ester of 11.50 879 
Butanedioic acid, bis(trimethylsilyl) ester 11.71 908 
2-piperidinecarboxylic acid, 1-(trimethylsilyl)-, trimethyl silyl ester 12.56 667 
Glutamine, tris(trimethylsilyl)- 13.65 566 
Fatty acid, long chain trimethylsilyl ester (C17) 
(230 µg ml-1 internal standard) 20.84  
 
Figure 3.7  Extracellular Organic Products of Desulfovibrio desulfuricans 
NCIMB 8307 Cultured in MPD  
Organic compounds were extracted from D. desulfuricans NCIMB 8307 cultures in late-
exponential growth phase. A GC-TIC of the extracellular organic extract is shown above. A 
summary of identified products in the extract, exclusive of media components (Appendix 3.4), 
is shown in the table below the GC-TIC. Further replicates proved the chromatogram to be 
exemplary for extracellular lipid extracts of D. desulfuricans NCIMB 8307. 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Alkane, long chain (C17) 14.31 692 2.81 
Alkane, long chain  14.82 478 0.820 
Alkane, long chain (C18) 16.53 586 1.33 
Fatty acid ethanolamide, long chain 17.46 824 65.4 
Fatty acid ethanolamide, long chain  18.52 753 25.4 
Fatty acid ethanolamide, long chain  18.67 867 65.1 
Fatty acid ethanolamide, long chain 19.02 745 100 
Fatty acid, 2-(hydroxy-1-2-hydroxymethyl) ethyl 
ester 29.21 710 93.6 
Fatty acid, 1-(hydroxymethyl)-1,2-ethanediyl ester 29.96 797 143 
Fatty acid, 1-(hydroxymethyl)-1,2-ethanediyl ester 30.21 758 202 
Fatty acid, 1-(hydroxymethyl)-1,2-ethanediyl ester 30.61 764 175 
Fatty acid, 1-(hydroxymethyl)-1,2-ethanediyl ester 30.92 797 208 
Fatty acid, 1-(hydroxymethyl)-1,2-ethanediyl ester 31.21 769 130 
 Fig. 3.8  Organic Products in Desulfovibrio desulfuricans NCIMB 8307   
Cultured in MSM  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract is 
shown above. A summary of products identified in the Ag-ion column hexane fraction is shown 
in the table below the GC-TIC. All concentrations were calculated using the response of a 5 µg 
ml-1 D8-naphthalene external standard. Alkane chain lengths were determined by comparison to 
an n-alkane standard (Appendix 3.3). Products giving peaks with retention times of 7.47 min, 
9.87 min, 12.02 min, 13.94 min and 15.63 min were identified as siloxanes and were probably 
extract contaminants resultant from column bleed. 
CHAPTER 3 –  HYDROCARBON BIOSYNTHESIS IN DESULFOVIBRIO DESULFURICANS 
  99 
 
 
IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Aldehyde, monounsaturated long chain (C15) 13.81 850 17.7 
Aldehyde, saturated long chain  14.06 922 162 
Alkyl benzoate 14.45 705 14.6 
Aldehyde, monounsaturated long chain (C16) 15.31 886 35.4 
Aldehyde, saturated long chain  15.53 901 87.5 
Aldehyde, monounsaturated long chain (C17) 15.92 862 125 
Aldehyde, monounsaturated long chain 16.16 712 25.8 
Cyclic octaatomic sulphur 17.13 736 168 
Fig. 3.9  Organic Products in Desulfovibrio desulfuricans NCIMB 8307   
Cultured in MSM  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract is shown above. A summary of products identified in the Ag-ion column 
hexane:acetone (9:1, v/v) fraction is shown in the table below the GC-TIC. All concentrations 
were calculated using the response of a 5 µg ml-1 D8-naphthalene external standard. Aldehyde 
chain lengths were determined from their mass spectra.  
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Aldehyde, saturated long chain 14.10 849 19.3 
Aldehyde, saturated long chain 15.56 856 10.7 
Aldehyde, monounsaturated long chain (C17) 15.96 807 10.3 
Diphenyl sulfone 16.72 842 8.36 
3-Pyridinecarboxylic acid 30.04 644 12.46 
3-Pyridinecarboxylic acid 30.38 658 9.43 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long chain 4.96 0.000496 
Fatty acid ethanolamides, long chain 256 0.0256 
Fatty acid alkyl esters 93.6 0.00936 
Fatty acid, 1-(hydroxymethyl)-1,2-ethanediyl esters 858 0.0858 
Aldehydes, saturated long chain 280 0.0280 
Aldehydes, monosaturated long chain 214 0.0214 
Fig. 3.10  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in MSM  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column acetone fraction of the extract is 
shown above. A summary of products identified in the Ag-ion column acetone fraction is shown 
in the table immediately below the GC-TIC. All concentrations were calculated using the 
response of a 5 µg ml-1 D8-naphthalene external standard. Aldehyde chain lengths were 
determined from their mass spectra. A summary of organic products in the extract (including 
identified products in all fractions) is shown in the bottom table. 
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 of the long chain saturated aldehydes could not be determined from their mass 
spectra.  
The organic products from a DCM extract of D. desulfuricans NCIMB 8307 
cultured in PMC to the late-exponential growth phase had a similar composition 
to those from the bacterium when cultured in MSM. A long chain alkane series 
(C17-C18) (retention times: 14.35 min, 14.81 min, 15.32 min, 16.53 min) was 
present at a total concentration of 9.02 µg g-1 CDM (Fig. 3.11 & Fig. 3.13). 
Long chain fatty acid ethanolamides (retention times: 17.64 min, 18.47 min, 
18.65 min, 19.07 min; total concentration: 144 µg g-1 CDM), a long chain fatty 
acid alkyl ester (retention time: 21.42 min; mass: 5.62 µg g-1 CDM) and long 
chain fatty acid 1-(hydroxymethyl)-1,2-ethanediyl esters (retention times: 29.95 
min, 30.55 min, 30.96 min; total concentration: 470 µg g-1 CDM) were also 
detected in the Ag-ion column hexane fraction. A series of long chain saturated 
aldehydes (retention times: 14.05 min, 15.52 min; total concentration: 74.2      
µg g-1 CDM) and long chain monounsaturated aldehydes (C15-C17) (retention 
times: 13.81 min, 15.30 min, 15.91 min; total concentration: 68.2 µg g-1 CDM) 
were again detected although the total contribution of the aldehydes towards 
the CDM  (total concentration: 142 µg g-1 CDM) was far lower than when the 
bacteria were cultured in MSM (Fig. 3.12 & Fig. 3.13). Long chain fatty acids 
(retention times: 17.16 min, 19.45 min; total concentration: 119 µg g-1 CDM) 
and long chain branched alcohols (retention times: 17.64 min, 19.04 min; total 
concentration: 5.10 µg g-1 CDM) were also identified in the extract. The fatty 
acids were identified as n-hexadecanoic acid (retention time: 17.64 min) and    
n-octadecanoic acid (retention time: 19.04 min) from their mass spectra.  
DCM extracts were also obtained from D. desulfuricans NCIMB 8307 
cultured in PMC to mid-exponential (2 days), late-exponential (4 days), 
stationary (6 days) and late-stationary (8 days) phases of growth. Total 
concentrations of alkanes remained between 7-9 µg g-1 CDM throughout the 
period of growth (Fig. 3.14). The greatest concentrations of long chain 
aldehydes and fatty acids were detected in the extract obtained after 6 days 
whilst highest concentrations of long chain fatty acid ethanolamides were 
detected in the extract obtained after 4 days. Concentrations of fatty acid 1-
(hydroxymethyl)-1,2-ethanediyl esters in extracts were greatest after 2 days and 
decreased steadily over the period of growth. 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
D8-naphthalene  
(5 µg ml-1 internal standard) 7.67   
Alkane, long chain (C17) 14.35 895 2.73 
Alkane, long chain 14.81 626 0.918 
Alkane, long chain (C18) 15.32 652 0.997 
Alkane, long chain 16.53 686 1.33 
Fatty acid ethanolamide, long chain 17.66 834 11.9 
Fatty acid ethanolamide, long chain 18.47 776 28.8 
Fatty acid ethanolamide, long chain 18.65 871 64.6 
Fatty acid ethanolamide, long chain 19.07 677 38.8 
Fatty acid, 3-((trimethylsilyl)oxy) propyl ester 21.42 639 5.62 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 29.95 792 71.7 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 30.65 796 192 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 30.96 777 206 
Fig. 3.11  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract is 
shown above. A summary of products identified in the Ag-ion column hexane fraction is shown 
in the table below the GC-TIC. All concentrations were calculated using the response of the 5 
µg ml-1 D8-naphthalene internal standard. Alkane chain lengths were determined by comparison 
to an n-alkane standard (Appendix 3.3). 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
D8-naphthalene  
(5 µg ml-1 internal standard) 7.69   
Butylated hydroxytoluene 12.15 929 6.88 
Phenol, 2,6-bis(1,1-dimethylethyl)-4-ethyl- 12.79 889 5.53 
Diethyl phthlate 13.17 887 56.7 
Aldehyde, monounsaturated long chain (C15) 13.81 812 4.16 
Aldehyde, saturated long chain 14.05 878 35.4 
Aldehyde, monounsaturated long chain (C16) 15.30 900 29.1 
Aldehyde, saturated long chain  15.52 917 38.8 
Aldehyde, monounsaturated long chain (C17) 15.91 872 34.9 
Dibutyl phthalate 16.09 877 7.48 
Fatty acid, long chain (C16) 17.16 841 117 
Alcohol, long chain branched 17.64 682 2.68 
Alcohol, long chain branched 19.04 703 2.42 
Fatty acid, long chain (C18) 19.45 636 1.87 
1,2-bezenedicarboxylic acid, diisooctyl ester 21.97 797 3.16 
Fig. 3.12  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract is shown above. A summary of products identified in the Ag-ion column 
hexane:acetone (9:1, v/v) fraction is shown in the table below the GC-TIC. All concentrations 
were calculated using the response of a 5 µg ml-1 D8-naphthalene external standard. Aldehyde 
and fatty acid chain lengths were determined from their mass spectra.  
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IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long chain 5.98 0.000598 
Fatty acid ethanolamides, long chain 144 0.0144 
Fatty acid alkyl esters 5.62 0.000562 
Fatty acid, 1-(hydroxymethyl)-1,2-ethanediyl esters 470 0.0470 
Fatty acids, long chain 119 0.0119 
Alcohols, long chain branched 5.10 0.000510 
Aldehydes, saturated long chain 74.2 0.00742 
Aldehydes, monounsaturated long chain 68.2 0.00682 
Fig. 3.13  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A summary of organic products in the extract, comprising 
identified products in all fractions, is displayed in the table.  
 
CHAPTER 3 –  HYDROCARBON BIOSYNTHESIS IN DESULFOVIBRIO DESULFURICANS 
  105 
 
 
Fig. 3.14  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells 
harvested from cultures after 2, 4, 6 and 8 days and analysed using GC-MS. Organic products 
displayed are limited to alkanes, fatty acids, aldehydes, fatty acid ethanolamides, and fatty acid, 
1-(hydroxymethyl)-1,2-ethanediyl esters (FAED esters). Points represent the total 
concentrations of the organic product present in a single extract. 
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3.3.4  Analysis of Hydrocarbon Biosynthesis in Desulfovibrio desulfuricans 
NCIMB 8312 
Long chain alkanes (C17-C18) (retention times:  14.36 min, 14.81 min, 
15.32 min, 16.53 min) were detected in the Ag-ion column hexane fraction 
obtained from a DCM extract of D. desulfuricans NCIMB 8312 cultured in MPD 
to the late-exponential growth phase, although were present at trace 
concentrations (total concentration: 17.5 µg g-1 CDM) (Fig. 3.15 & Fig. 3.16). A 
high abundance of cyclic octaatomic sulphur (retention time: 17.33 min; total 
concentration: 4.71 mg g-1 CDM) was also present in the extract (Fig. 3.16). 
The series of long chain alkanes (C17-C18) was also identified in the Ag-ion 
column hexane fraction of the DCM extract obtained from D. desulfuricans 
NCIMB 8312 cultured in MSM to the late-exponential growth phase (retention 
times: 14.35 min, 14.82 min, 15.33 min, 16.53 min; total concentration: 7.74     
µg g-1 CDM), along with a series of long chain fatty acid ethanolamides 
(retention times: 17.38 min, 18.47 min, 18.63 min, 18.97 min; total 
concentration: 436 µg g-1 CDM), and fatty acid 1-(hydroxymethyl)-1,2-ethanediyl 
esters (retention times: 21.57 min, 29.22 min, 29.96 min, 30.21 min, 30.63 min, 
30.94 min; total concentration: 1.01 mg g-1 CDM) (Fig. 3.17 & Fig. 3.19). A 
series of long chain saturated aldehydes (retention times (hexane:acetone (9:1, 
v/v)): 14.05 min, 15.14 min, 15.52 min; retention times (acetone): 14.08 min, 
15.54 min; total concentration: 432 µg g-1 CDM) and long chain 
monounsaturated aldehydes (C15-C17) (retention times (hexane:acetone (9:1, 
v/v)): 13.81 min, 15.32 min, 15.92 min; retention times (acetone): 15.95 min, 
30.36 min; total concentration: 208 µg g-1 CDM) were also detected (Fig. 3.18 & 
Fig. 3.19). In addition, three fatty acids (retention times (hexane:acetone (9:1, 
v/v)): 15.82 min, 17.21 min; retention time (acetone): 17.66 min) were identified 
in the extract, collectively contributing 651 µg g-1 CDM. The most abundant fatty 
acid with a retention time of 17.21 min was identified from its mass spectrum as      
n-hexadecanoic acid. 
In accordance with growth in other media, the GC-TIC of the DCM extract 
obtained from D. desulfuricans NCIMB 8312 cultured in PMC to the late-
exponential growth phase showed high similarity to that of D. desulfuricans 
NCIMB 8307. However, the series of long chain alkanes commonly present in
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
D8-naphthalene  
(5 µg ml-1 internal standard) 7.68   
Alkane, long chain (C17) 14.36 842 5.57 
Alkane, long chain  14.81 717 3.85 
Alkane, long chain (C18) 15.32 807 3.93 
Alkane, long chain 16.53 781 4.14 
Fig. 3.15  Organic Products in Desulfovibrio desulfuricans NCIMB 8312 
Cultured in MPD 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8312 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract is 
shown above. A summary of products identified in the Ag-ion column hexane fraction is shown 
in the table below the GC-TIC. All concentrations were calculated using the response of the 5 
µg ml-1 D8-naphthalene internal standard. Alkane chain lengths were determined by comparison 
to an n-alkane standard (Appendix 3.3). Products giving peaks with retention times of 7.45 min, 
9.87 min, 12.02 min, 13.95 min, 15.64 min, 17.14 in, 18.52 min, 19.79 min, 20.96 min and 22.07 
min were identified as siloxanes and were probably extract contaminants resultant from column 
bleed. 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
D8-naphthalene  
(5 µg ml-1 internal standard) 7.69   
Diethyl phthalate 13.18 874 22.6 
2-octyl benzoate 14.42 806 15.7 
Aldehyde, saturated long chain 15.52 819 10.4 
Cyclic octaatomic sulphur 17.33 906 4710 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long chain 17.5 0.00175 
Aldehydes, saturated long chain 10.4 0.00104 
Fig. 3.16  Organic Products in Desulfovibrio desulfuricans NCIMB 8312 
Cultured in MPD 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8312 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract is shown above. A summary of products identified in the Ag-ion column 
hexane:acetone (9:1, v/v) fraction is shown in the table immediately below the GC-TIC. All 
concentrations were calculated using the response of the 5 µg ml-1 D8-naphthalene internal 
standard. A summary of organic products in the extract (including identified products in all 
fractions) is shown in the bottom table. 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Alkane, long chain (C17) 14.35 717 3.72 
Alkane, long chain  14.82 630 1.02 
Alkane, long chain (C18) 15.33 638 0.993 
Alkane, long chain 16.53 652 2.01 
Fatty acid ethanolamide, long chain 17.38 804 126 
Fatty acid ethanolamide, long chain 18.47 750 46.7 
Fatty acid ethanolamide, long chain 18.63 887 124 
Fatty acid ethanolamide, long chain 18.97 737 139 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 21.57 651 20.7 
Hydrocinnamic acid 21.71 612 31.0 
Digitoxin 21.87 622 27.9 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 29.22 716 96.1 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 29.96 791 259 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 30.21 771 214 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 30.63 813 230 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 30.94 800 280 
Fig. 3.17  Organic Products in Desulfovibrio desulfuricans NCIMB 8312 
Cultured in MSM  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8312 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract is 
shown above. A summary of products identified in the Ag-ion column hexane fraction is shown 
in the table below the GC-TIC. All concentrations were calculated using the response of a 5 µg 
ml-1 D8-naphthalene external standard. Alkane chain lengths were determined by comparison to 
an n-alkane standard (Appendix 3.3). Products giving peaks with retention times of 7.46 min, 
9.87 min, 12.01 min and 13.94 min were identified as siloxanes and were probably extract 
contaminants resultant from column bleed. 
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IDENTITY RETENTION TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Phenol, 2,6-bis(1,1-dimethylethyl)-4-ethyl- 12.78 898 7.84 
Aldehyde, monounsaturated long chain (C15) 13.81 832 12.1 
Aldehyde, saturated long chain 14.05 883 203 
Aldehyde, saturated long chain 15.14 862 9.57 
Aldehyde, monounsaturated long chain (C16) 15.32 851 22.9 
Aldehyde, saturated long chain 15.52 911 161 
Fatty acid, long chain 15.82 802 22.8 
Aldehyde, monounsaturated long chain (C17) 15.92 904 162 
Oxirane, tetradecyl- 16.16 874 45.1 
Fatty acid, long chain (C16) 17.21 802 616 
Fig. 3.18  Organic Products in Desulfovibrio desulfuricans NCIMB 8312 
Cultured in MSM 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8312 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract is shown above. A summary of products identified in the Ag-ion column 
hexane:acetone (9:1, v/v) fraction is shown in the table below the GC-TIC. All concentrations 
were calculated using the response of a 5 µg ml-1 D8-naphthalene external standard. Aldehyde 
and fatty acid chain lengths were determined from their mass spectra.  
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Aldehyde, saturated long chain 14.08 869 36.4 
Aldehyde, saturated long chain 15.54 812 22.5 
Aldehyde, monounsaturated long chain (C16) 15.95 801 11.2 
Diphenyl sulfone 16.72 769 5.38 
Fatty acid, long chain 17.66 602 12.2 
3-Pyridinecarboxylic acid 30.05 667 7.76 
3-Pyridinecarboxylic acid 30.36 687 9.45 
Ethyl iso-allocholate 30.77 636 12.4 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long chain 7.74 0.000774 
Fatty acid ethanolamides, long chain 436 0.0436 
Fatty acid, 1-(hydroxymethyl)-1,2-ethanediyl esters 1010 0.101 
Fatty acids, long chain 651 0.0651 
Aldehydes, saturated long chain 432 0.0432 
Aldehydes, monounsaturated long chain 208 0.0208 
Fig. 3.19  Organic Products in Desulfovibrio desulfuricans NCIMB 8312 
Cultured in MSM  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8312 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column acetone fraction of the extract is 
shown above. A summary of products identified in the Ag-ion column acetone fraction is shown 
in the table immediately below the GC-TIC. All concentrations were calculated using the 
response of a 5 µg ml-1 D8-naphthalene external standard. Aldehyde chain lengths were 
determined from their mass spectra. A summary of organic products in the extract (including 
identified products in all fractions) is shown in the bottom table. 
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extracts was more extensive, with chain lengths ranging from C13-C19 (retention 
times: 9.16 min, 11.92 min, 13.16 min, 14.35 min, 14.81 min, 15.32 min, 16.53 
min) although the relative abundance (total concentration: 13.5 µg g-1 CDM) 
remained low (Fig. 3.20 & Fig. 3.22). Long chain fatty acid ethanolamides 
(retention times: 17.47 min, 18.46 min, 18.64 min, 18.99 min; total 
concentration: 104 µg g-1 CDM), fatty acid 1-(hydroxymethyl)-1,2-ethanediyl 
esters (retention times: 21.56 min, 29.97 min, 30.65 min, 30.97 min; total 
concentration: 599 µg g-1 CDM) and a fatty acid alkyl ester (retention time: 
21.43 min; mass: 9.51 µg g-1 CDM) were identified in the Ag-ion column hexane 
fraction of the extract. Long chain saturated aldehydes (retention times: 14.05 
min, 15.52 min; total concentration: 98.8 µg g-1 CDM) and long chain 
monounsaturated aldehydes (C15-C17) (retention times: 15.30 min, 15.52 min; 
total concentration: 51.8 µg g-1 CDM) were present in the Ag-ion 
hexane:acetone (9:1, v/v) fraction, along with a comparatively high 
concentration of fatty acids (retention times: 17.39 min, 18.98 min; total 
concentration: 1.05 mg g-1 CDM)  (Fig. 3.21 & Fig. 3.22). The long chain fatty 
acids giving retention times of 17.39 min and 18.98 min were identified from 
their respective mass spectral parent ions as C16:0 and C18:0 fatty acids although 
it was not determinable whether they were normal or branched. 
3.3.5  Analysis of Hydrocarbon Biosynthesis in Desulfovibrio desulfuricans 
NCIMB 8326  
Appreciable quantities of long chain alkanes, amounting to a total 
concentration of 212 µg g-1 CDM, were detected in the DCM extract of D. 
desulfuricans NCIMB 8326 cultured to the late-exponential growth phase (Fig. 
3.23 & Fig. 3.25). Mass spectra of the alkanes eluting from the column after 
13.16 min, 14.94 min, 15.35 min, 15.96 min, 16.33 min and 17.28 min were 
highly typical of alkanes (Fig. 3.24) and those with retention times of 13.16 min, 
15.35 min, 16.33 min and 17.28 min gave very high standard index scores 
(>900) when compared to the mass spectral database. The most abundant 
alkane in the extract was identified by comparison of its mass spectrum and 
retention time to an n-alkane standard as n-octadecane (retention time: 15.35 
min; concentration: 155 µg g-1 CDM). Other alkanes were identified as             
n-hexadecane (retention time: 13.16; concentration: 12.2 µg g-1 CDM), a
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
D8-naphthalene  
(5 µg ml-1 internal standard) 7.66   
Alkane, long chain 9.16 818 1.75 
Alkane, long chain (C15) 11.92 846 1.83 
Alkane, long chain (C16) 13.16 774 1.37 
Alkane, long chain (C17) 14.35 825 3.34 
Alkane, long chain 14.81 683 1.39 
Alkane, long chain (C18) 15.32 773 1.69 
Alkane, long chain 16.53 747 2.13 
Fatty acid ethanolamide, long chain 17.47 844 13.2 
Fatty acid ethanolamide, long chain 18.46 773 23.8 
Fatty acid ethanolamide, long chain 18.64 792 39.7 
Fatty acid ethanolamide, long chain 18.99 660 28.7 
Fatty acid, 3-((trimethylesilyl)oxy) propyl ester 21.43 595 9.51 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 21.56 638 5.35 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 29.97 794 124 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 30.65 794 202 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 30.97 778 268 
 Fig. 3.20  Organic Products in Desulfovibrio desulfuricans NCIMB 8312 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8312 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract is 
shown above. A summary of products identified in the Ag-ion column hexane fraction is shown 
in the table below the GC-TIC. All concentrations were calculated using the response of the 5 
µg ml-1 D8-naphthalene internal standard. Alkane chain lengths were determined by comparison 
to an n-alkane standard (Appendix 3.3). Products giving peaks with retention times of 7.45 min, 
9.87 min, 12.02 min and 13.94 min were identified as siloxanes and were probably extract 
contaminants resultant from column bleed. 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
D8-naphthalene  
(5 µg ml-1 internal standard) 7.68   
Diethyl phthlate 13.17 940 29.8 
Aldehyde, saturated long chain 14.05 863 12.2 
Aldehyde, monounsaturated long chain (C16) 15.30 904 27.2 
Aldehyde, saturated long chain 15.52 923 86.6 
Aldehyde, monounsaturated long chain (C17) 15.91 861 24.6 
Fatty acid, long chain (C16) 17.39 900 913 
Fatty acid, long chain (C18) 18.98 904 136 
Fig. 3.21  Organic Products in Desulfovibrio desulfuricans NCIMB 8312 
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8312 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract is shown above. A summary of products identified in the Ag-ion column 
hexane:acetone (9:1, v/v) fraction is shown in the table below the GC-TIC. All concentrations 
were calculated using the response of a 5 µg ml-1 D8-naphthalene external standard. Aldehyde 
and fatty acid chain lengths were determined from their mass spectra.  
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IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long chain 13.5 0.00135 
Fatty acid ethanolamides, long chain 104 0.0104 
Fatty acid alkyl esters 9.51 0.000951 
Fatty acid, 1-(hydroxymethyl)-1,2-ethanediyl esters 599 0.0599 
Fatty acids, long chain 1050 0.105 
Aldehydes, saturated long chain 98.8 0.00988 
Aldehydes, monounsaturated long chain 51.8 0.00518 
Fig. 3.22  Organic Products in Desulfovibrio desulfuricans NCIMB 8312 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8312 cells in 
late-exponential growth phase. A summary of organic products in the extract, comprising 
identified products in all fractions, is displayed in the table. 
CHAPTER 3 –  HYDROCARBON BIOSYNTHESIS IN DESULFOVIBRIO DESULFURICANS 
  116 
 
 
IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
D8-naphthalene  
(5 µg ml-1 internal standard) 7.67   
Alkane, long chain (C16) 13.16 931 12.2 
Alkane, long chain (C17) 14.35 846 5.72 
Alkane, long chain (C18) 15.35 930 155 
Alkane, long chain 15.96 816 4.88 
Alkane, long chain (C19) 16.33 927 16.2 
Alkane, long chain (C20) 17.28 926 17.6 
Fig. 3.23  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in MPD  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract is 
shown above. A summary of products identified in the Ag-ion column hexane fraction is shown 
in the table below the GC-TIC. All concentrations were calculated by comparison to a series of           
n-heptadecane external standards. Alkane chain lengths were determined by comparison to an 
n-alkane standard (Appendix 3.3). 
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Fig. 3.24  Alkanes in Desulfovibrio desulfuricans NCIMB 8326 Cultured in MPD 
The mass spectra of alkanes (above: C18; middle: C19; below: C20) identified from the GC-TIC 
displayed in Fig. 3.25 are shown above. 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
D8-naphthalene  
(5 µg ml-1 internal standard) 7.69   
Phenol, 2,6-bis(1,1-dimethylethyl)-4-ethyl- 12.79 894 4.09 
Diethyl phthalate 13.17 917 27.5 
Cyclic octaatomic suphur 17.36 918 4760 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long chain 212 0.0212 
Fig. 3.25  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in MPD  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract is shown above. A summary of products identified in the Ag-ion column 
hexane:acetone (9:1, v/v) fraction is shown in the table immediately below the GC-TIC. All 
concentrations were calculated using the response of the 5 µg ml-1 D8-naphthalene internal 
standard. A summary of organic products in the extract (including identified products in all 
fractions) is shown in the bottom table.  
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C19 alkane (retention time: 16.33 min concentration: 16.2 µg g-1 CDM) and               
n-eicosane (retention time: 17.28 min: mass: 17.6 µg g-1 CDM). Only diethyl 
phthalate (retention time: 13.17 min; concentration: 27.5 µg g-1 CDM) and cyclic 
octaatomic sulphur (retention time: 17.36 min; concentration: 4.76 mg g-1 CDM) 
were further identified in the extract (Fig. 3.25).  
Substantial quantities of long chain alkanes (total concentration: 436 µg g-1 
CDM) were further detected in a DCM extract of D. desulfuricans NCIMB 8326 
when cultured in PMC (Fig. 3.26 & Fig. 3.27). A similar distribution of alkanes to 
the D. desulfuricans NCIMB 8326 MPD extract was observed, with                   
n-octadecane (retention time: 15.34 min; concentration: 262 µg g-1 CDM) most 
abundant and the C19 alkane (retention time: 15.98 min: concentration: 69.2 µg 
g-1 CDM) and n-eicosane (C20H42) (retention time: 17.31 min: concentration: 
103 µg g-1 CDM) also present. In contrast to when the bacterium was cultured 
in MPD, n-hexadecane was not detected in the extract of D. desulfuricans 
NCIMB 8326 cultured in PMC. Only octaatomic sulphur (retention time: 17.31 
min; mass: 6.48 mg g-1 CDM) was further identified in the extract (Fig. 3.27). 
Two further replicate DCM extracts were obtained from late-exponential growth 
phase cultures of D. desulfuricans NCIMB 8326 grown in MPD and in PMC to 
confirm the presence and distribution of alkanes in the bacterial extracts. Similar 
masses and distributions of alkanes were observed between the replicates in 
both media. N-octadecane was consistently detected at greatest abundance 
(PMC mean concentration: 226 µg g-1 CDM; MPD mean concentration: 142 µg 
g-1 CDM) (Fig. 3.28). The C19 alkane (PMC mean concentration: 48.2 µg g-1 
CDM; MPD mean concentration: 26.6 µg g-1 CDM) and n-eicosane (PMC mean 
concentration: 97.4 µg g-1 CDM; MPD mean concentration:  44.7 µg g-1 CDM) 
were also present at appreciable, albeit lower, quantities. Mean alkane 
concentrations were 1.7-fold higher in extracts of the bacterium obtained when 
cultured in PMC than in MPD. The ratio of C18H38:C19H38:C20H42 in all extracts 
was approximately 5:1:2. Although alkanes were consistently present in cellular 
extracts of D. desulfuricans NCIMB 8326 cultured in MPD and PMC, they were 
not detected in extracellular lipid extracts from the bacterium. An exemplar GC-
TIC obtained from an extracellular lipid extract of the bacterium cultured in PMC 
can be viewed in Fig. 3.29. 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Alkane, long chain (C17) 14.36 768 1.62 
Alkane, long chain (C18) 15.34 926 262 
Alkane, long chain (C19) 15.98 922 69.2 
Alkane, long chain (C20) 17.31 926 103 
 Fig. 3.26  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract is 
shown above. A summary of products identified in the Ag-ion column hexane fraction is shown 
in the table below the GC-TIC. All concentrations were calculated by comparison to a series of 
n-heptadecane external standards. Alkane chain lengths were determined by comparison to an 
n-alkane standard (Appendix 3.3). 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Cyclic octaatomic suphur 17.31 914 6480 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long chain 436 0.0436 
Fig. 3.27  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract is shown above. A summary of products identified in the Ag-ion column 
hexane:acetone (9:1, v/v) fraction is shown in the table immediately below the GC-TIC. 
Concentrations were calculated using the response of a 5 µg ml-1 D8-naphthalene external 
standard. A summary of organic products in the extract (including identified products in all 
fractions) is shown in the bottom table. 
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Fig. 3.28  Alkanes in Desulfovibrio desulfuricans NCIMB 8326 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase and analysed for the presence of alkanes using GC-MS. Bacteria 
were cultured in MPD (grey) and PMC (red). Bars represent the mean alkane concentrations of 
3 independent replicates with error bars shown. 
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IDENTITY RETENTION TIME (MIN) SI SCORE 
Silane, (2-methoxyethoxy)trimethyl- 6.26 666 
Disalthiane, hexamethyl- 6.39 902 
Ethanol, 2-((trimethylsilyl)-oxy)- 6.85 626 
Fatty acid, short chain, 2-((trimethylsilyl)oxy)-,trimethylsilyl ester 8.45 705 
Fatty acid, short chain, 2-((trimethylsilyl)oxy)-,trimethylsilyl ester 8.88 733 
3-buten-2-ol, 4-(trimethylsilyl)- 9.64 556 
2,2-methylbutyl trimethylsilylmethylmalonate 10.65 615 
Fatty acid, short chain, 3, 3-((trimethylsilyl)oxy)-ethyl ester 10.74 624 
Mercaptoacetic acid, bis(trimethylsilyl)- 10.83 886 
Trimethylsilyl ester of glycerol 11.51 889 
Butanedioic acid, bis (trimethylsilyl) ester 11.74 870 
Lactic acid dimer, bis(trimethylsilyl)- 12.81 831 
Phenol, 2,4,-bis(1,1-dimethylethyl) 14.04 865 
L-Proline, 5-oxo-1-(trimethylsilyl)-,trimethylsilyl ester 14.20 846 
Mercaptoacetic acid, bis(trimethylsilyl)- 16.65 727 
Mercaptoacetic acid, bis(trimethylsilyl)- 18.89 577 
Fatty acid, long chain trimethylsilyl ester (C17) 
(Internal standard) 20.84  
Figure 3.29  Extracellular Organic Products of Desulfovibrio desulfuricans 
NCIMB 8326 Cultured in PMC  
Organic compounds were extracted from D. desulfuricans NCIMB 8326 cultures in late-
exponential growth phase. A GC-TIC of the extracellular organic extract is shown above. A 
summary of identified products in the extract is shown in the table below the GC-TIC. Further 
replicates proved the chromatogram to be exemplary for extracellular lipid extracts of D. 
desulfuricans NCIMB 8326. 
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In order to screen more accurately for the presence of fatty acids, a Ag-ion 
column hexane:acetone (9:1, v/v) fraction obtained from a DCM extract of        
D. desulfuricans NCIMB 8326 cultured in PMC was analysed both with and 
without the addition of a derivatising agent. Both samples were prepared as 
described in Section 3.2.5 although for the sample without the derivatising 
agent, 20 µl of DCM was added in place of BSTFA. A long chain alkene 
(retention time: 19.19 min; concentration: 92.7 µg g-1 CDM) - identified as a C20 
alkene from its mass spectrum parent ion present at 279.9 m/z - and cyclic 
octaatomic sulphur (retention time: 18.70; concentration: 5.08 mg g-1 CDM) 
were identified in the non-derivatised extract fraction (Fig. 3.30). The alkene 
was not observed in the hexane:acetone (9:1, v/v) fraction of the D. 
desulfuricans NCIMB 8326 PMC extract previously analysed. However, its 
presence was possibly masked in the preceding analysis by the presence of the 
cyclic octaatomic sulphur owing to similar retention times. Two further 
compounds (retention times: 17.66 min, 17.73 min) were present in the fraction 
although their identity could not be confirmed due to poor mass spectra, 
attributed to coincidence of their retention times with cyclic octaatomic sulphur. 
Importantly, no fatty acids were detected. 
The GC-TIC of the derivatised sample of the extract fraction was 
significantly different to that of the non-derivatised sample (Fig. 3.31 & Fig. 
3.32).  This was predominantly due to the presence of trimethylsilyl ester 
derivatives of fatty acids (retention times: 18.58 min, 18.66 min, 19.87 min, 
21.63 min; total concentration: 1.78 mg g-1 CDM). The most abundant of these 
(retention times: 18.58 min and 18.66 min) showed highly similar mass spectra 
to one another and were both identified as n-pentadecanoic fatty acid 
trimethylsilyl esters (Fig. 3.32). Other fatty acids were identified as                   
n-hexadecanoic acid-trimethylsilyl ester (retention time: 19.87 min) and             
n-octadecanoic acid-trimethylsilyl ester (retention time: 21.63 min). In similarity 
to the non-derivatised sample, n-eicosene was also detected (retention time: 
19.19 min: mass: 105 µg g-1 CDM). A further derivatised Ag-ion column 
hexane:acetone (9:1, v/v) fraction extract obtained from an extract of D. 
desulfuricans NCIMB 8326 cultured in PMC to the late-exponential growth 
phase contained similar masses and distributions of fatty acids (Fig. 3.33). 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Cyclic octaatomic sulphur 18.79 857 5230 
Alkene, long chain (C20) 19.19 838 92.7 
Fig. 3.30  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the hexane:acetone (9:1, v/v) fraction of the extract 
analysed without derivatisation is shown above. A summary of products identified in the 
hexane:acetone (9:1, v/v) fraction without derivatisation is shown in the table below the GC-TIC. 
All concentrations were calculated by comparison to a series of n-heptadecanoic external 
standards. Alkene chain lengths were determined from their mass spectra.∗ 
                                                        
∗ Data taken from D. desulfuricans NCIMB 8326 cultures used for microarray analysis in chapter 
IV 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Fatty acid, long chain trimethylsilyl ester (C15) 18.58 723 949 
Fatty acid, long chain trimethylsilyl ester (C15) 18.66 703 650 
Alkene, long chain (C20) 19.19 838 105 
Fatty acid, long chain trimethylsilyl ester (C16) 19.87 855 104 
Fatty acid, long chain trimethylsilyl ester (C18) 21.63 863 77 
Fig. 3.31  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the hexane:acetone (9:1, v/v) fraction of the extract 
analysed after derivatisation is shown above. A summary of products identified in the 
hexane:acetone (9:1, v/v) fraction after derivatisation is shown in the table below the GC-TIC. 
All concentrations were calculated by comparison to a series of n-heptadecanoic external 
standards. Fatty acid and alkene chain lengths were determined from their mass spectra.∗  
 
 
 
                                                        
∗ Data taken from D. desulfuricans NCIMB 8326 cultures used for microarray analysis in chapter 
IV 
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IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Fatty acids, long chain 1780 0.178 
Alkenes, long chain 105 0.0105 
Fig. 3.32  Fatty acids in Desulfovibrio desulfuricans NCIMB 8326           
Cultured in PMC  
The mass spectra of major fatty acids (above: C15; upper-middle: C15; lower-middle: C16; below: 
C18) identified from the GC-TIC displayed in Fig. 3.31 is shown above. A condensed summary 
of products identified in the hexane:acetone (9:1, v/v) fraction after derivatisation is shown in the 
table below the mass spectra.∗ 
                                                        
∗ Data taken from D. desulfuricans NCIMB 8326 cultures used for microarray analysis in chapter 
IV 
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Fig. 3.33  Fatty Acids in Desulfovibrio desulfuricans NCIMB 8326           
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase and analysed for the presence of fatty acids using GC-MS after 
derivatisation. Bars represent the mean fatty acid concentrations of 2 independent replicates 
with error bars shown. ∗ 
 
 
                                                        
∗ Data taken from D. desulfuricans NCIMB 8326 cultures used for microarray analysis in chapter 
IV 
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Contrary to growth in MPD and PMC, only trace quantities of C17-C18 
alkanes (retention times: 14.35 min, 14.82 min, 15.36 min, 16.53 min; total 
concentration: 8.20 µg g-1 CDM) were detected in the DCM extract obtained 
from D. desulfuricans NCIMB 8326 cultured in MSM to the late-exponential 
growth phase (Fig. 3.34 & Fig. 3.35). Aside from cyclic octaatomic sulphur 
(retention time: 17.16 min; total concentration: 4.56 mg g-1 CDM), no other 
products were detected in the extract (Fig. 3.35). 
3.4. Discussion 
Contrary to previous reports (Han & Calvin, 1969;  Bagaeva & Chernova, 
1994;  Bagaeva, 1997;  Bagaeva, 2000;  Bagaeva & Belyaeva, 2000), 
appreciable quantities of alkanes were not identified in either intracellular or 
extracellular solvent extracts obtained from cultures of D. desulfuricans NCIMB 
8307; despite analysing cultures grown in three different media across all 
growth phases, only trace concentrations of alkanes (<0.001% CDM) were 
detected in the cellular extracts. Considering the consistently low quantities in 
which alkanes were present, and the similarity of their composition and 
concentration to alkanes observed in negative controls, their presence was 
probably due to trace contamination and were not biogenic. Previous reports 
documenting alkane biosynthesis in D. desulfuricans used a culture 
environment in which the atmosphere consisted solely of H2 and CO2, with H2 
most abundant (Davis, 1968;  Bagaeva & Chernova, 1994;  Bagaeva, 2000;  
Bagaeva & Belyaeva, 2000). Although cultures in this study were provided with 
an appropriate ratio of H2:CO2 (1:1) for hydrocarbon synthesis (Bagaeva, 2000), 
the atmosphere was balanced with 80% N2. As this was the only discrepancy in 
culture conditions between this study and other reports of alkane biosynthesis 
by D. desulfuricans, the possibility exists that H2 and CO2 availability may be 
limiting factors for the synthesis of alkanes in D. desulfuricans ‘Essex 6’. The 
importance of H2 availability for the synthesis of methane by sulphate-reducing 
bacteria has been well documented (Abram & Nedwell, 1978b;  Lovley, 1985). 
Notably, complete inhibition of methanogenesis was observed in 
Methanococcus mazei when cultured in the absence of atmospheric H2 (Abram 
& Nedwell, 1978a). It is therefore plausible that H2 availability is also important 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Alkane, long chain (C17) 14.35 719 3.69 
Alkane, long chain 14.82 461 0.864 
Alkane, long chain (C18) 15.36 536 2.35 
Alkane, long chain 16.53 666 1.30 
Fig. 3.34  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in MSM  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract is 
shown above. A summary of products identified in the Ag-ion column hexane fraction is shown 
in the table below the GC-TIC. All concentrations were calculated using the response of a 5 µg 
ml-1 D8-naphthalene external standard. Alkane chain lengths were determined by comparison to 
an n-alkane standard (Appendix 3.3). Products giving peaks with retention times of 7.46 min, 
9.88 min, 12.02 min, 13.95 min, 15.63 min, 17.13 min, 18.52 min, 19.79 min, 22.06 min and 
23.09 min were identified as siloxanes and were probably extract contaminants resultant from 
column bleed. 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Cyclic octaatomic sulphur 17.16 924 4560 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long chain 8.20 0.000820 
Fig. 3.35  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in MSM  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract is shown above. A summary of products identified in the Ag-ion column 
hexane:acetone (9:1, v/v) fraction is shown in the table immediately below the GC-TIC. 
Concentrations were calculated using the response of the 5 µg ml-1 D8-naphthalene internal 
standard. A summary of organic products in the extract (including identified products in all 
fractions) is shown in the bottom table. 
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for regulating the biosynthesis of longer chain hydrocarbons. In order to confirm 
this, further work is required using titred atmospheres containing only H2 and 
CO2. The equipment required to achieve these specific atmospheres was not 
available to me. 
The profile of organic products in DCM extracts of D. desulfuricans NCIMB 
8307 and D. desulfuricans NCIMB 8312 cultures were similar. Furthermore, the 
composition of the extracts was dependent upon the culture medium. When 
cultured in MSM and PMC the strains showed a substantially different organic 
product profile than when cultured in MPD. In MSM and PMC, D. desulfuricans 
NCIMB 8307 and D. desulfuricans NCIMB 8312 synthesised an array of organic 
products including fatty acids, aldehydes, fatty acid ethanolamides and fatty 
acid 1-(hydroxymethyl)-1,2-ethanediyl esters (although standard index scores 
obtained for the fatty acid 1-(hydroxymethyl)-1,2-ethanediyl esters were 
generally poor (<800) and so the precise identity of these compounds was less 
certain). The fatty acids detected in DCM extracts of the strains consisted 
predominantly of C16:0 and C18:0 fatty acids with C16:0 most abundant. However, 
D. desulfuricans NCIMB 8312 synthesised substantially more fatty acids than D. 
desulfuricans NCIMB 8307, although further replicates and analysis of 
derivatised extracts would be required to confirm this observation. These were 
not performed in account that alkanes were not detected in cellular or 
extracellular extracts obtained from cultures of these bacteria. The presence 
and distributions of long-chain fatty acids in D. desulfuricans has been widely 
documented (Boon et al., 1977;  Taylor & Parkes, 1983;  Edlund et al., 1985;  
Langendijk et al., 2001).  In many reports D. desulfuricans has yielded a large 
array of branched and straight chain fatty acids, varying in degrees of 
saturation, with the major component an unsaturated anteiso- or iso-branched 
C17:1 fatty acid (Boon et al., 1977;  Taylor & Parkes, 1983;  Edlund et al., 1985), 
therefore conflicting with the fatty acid profiles of D. desulfuricans NCIMB 8307 
and D. desulfuricans NCIMB 8312. However, D. desulfuricans NY682 was 
found to synthesise predominantly n-hexadecanoic acid (Langendijk et al., 
2001), confirming that the fatty acids of D. desulfuricans NCIMB 8307 and D. 
desulfuricans NCIMB 8312 identified in this investigation have been observed in 
other strains of D. desulfuricans. 
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The series of fatty aldehydes identified in both strains was extensive and 
consisted of both saturated and unsaturated products. The synthesis of long-
chain aldehydes by Desulfovibrio spp. is poorly understood; acyl-ACP 
reductases are not currently identified in sequenced Desulfovibrio genomes and 
reports of the occurrence of fatty aldehydes in Desulfovibrio species are rare. 
Due to the recognised involvement of aldehydes as intermediates in microbial 
hydrocarbon biosynthesis (Dennis & Kolattukudy, 1991; Schirmer et al., 2010), 
the absence of alkanes may be explained by the presence of fatty aldehydes. It 
is possible that a deficiency in reducing power, conceivably due to limited 
hydrogen availability, may have prevented the reduction/decarbonylation of 
aldehydes to alkanes in the bacteria. 
The series of fatty acid ethanolamides identified in DCM extracts obtained 
from D. desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 8312 cultured 
in MSM and PMC was of particular interest. The occurrence of fatty acid amides 
is widespread in nature and they are often found in mammals (Bachur et al., 
1965), fish (Natarajan et al., 1985), invertebrates (Bisogno et al., 1997) and 
plants (Chapman, 2000). Commonly they are present in the form of                 
N-acylethanolamines and are best characterised in playing important roles in 
cell signaling within cannabinoid systems (Di Marzo, 1998;  Kilaru et al., 2007). 
However, reports of the occurrence of fatty acid amides in microbes, especially 
in bacteria, are scarce. Three anaerobic bacterial isolates identified as 
Butyrivibrio spp. were reported to synthesise appreciable quantities of N-acyl-
phosphatidylethanolamine (Clarke et al., 1976). The presence of                       
N-acylethanolamines was also reported in the cellular slime mould 
Dictyostelium discoideum (Ellingson, 1980). Furthermore, the green microalga 
Rhizoclonium hieroglyphicum and the cyanobacterium Aphanizomenon flos-
aquae were documented to produce fatty acid amides, with both organisms 
yielding appreciable amounts of (Z)-9-octadecenamide (Dembitsky et al., 
2000a;  Dembitsky et al., 2000b). The function of fatty acid amides in microbes 
is not fully established although they were suggested to be involved in the 
formation of membrane components such as ceramides, sphingolipids,            
N-acylated lipids and lipoproteins (Dembitsky et al., 2000a). Interestingly, the 
presence of hydrocarbons is also documented in Dictyostelium discoideum 
(Long & Coe, 1974), Rhizoclonium hieroglyphicum (Dembitsky et al., 2000b) 
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and an Aphanizomenon sp. (Nordback et al., 1998). This correlation suggests 
the possibility that fatty acid amide metabolism may be linked to the 
hydrocarbon biosynthesis pathway in D. desulfuricans.  
Few organic products were detected in DCM extracts of D. desulfuricans 
NCIMB 8307 and D. desulfuricans NCIMB 8312 when cultured in MPD. Only 
cyclic octaatomic sulphur and trace quantities of alkanes (<0.002% CDM) were 
detected in these extracts. The absence of other products was possibly due to 
the abundance of octaatomic sulphur present in the extracts that prevented 
identification of products with coincident retention times. However, extract 
fractionation would have resulted in the detection of ethanolamides and fatty 
acid 1-(hydroxymethyl)-1,2-ethanediyl esters in the Ag-ion column hexane 
fraction should they have been present.  
In contrast to D. desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 
8312, substantial quantities of alkanes (up to 436 µg g-1 CDM) were observed in 
DCM extracts obtained from D. desulfuricans NCIMB 8326 cultures. However, 
these findings were once again inconsistent with the literature (Davis, 1968). 
Firstly, alkanes were not observed in quantities above trace concentrations 
when cultured in MSM (although within such cultures the biomass obtained was 
very low (<60 mg) and so it was not discernible whether the bacteria had 
grown). From those cultures of the bacterium that did yield hydrocarbons, the 
alkane contents in the DCM extracts were detected at concentrations 
approximately 50-fold lower than previously reported (Davis, 1968). In addition, 
the distribution of alkanes detected in this study represented a far narrower 
carbon chain length range, with only a single major C18 alkane and minor C19 
and C20 alkanes detected. C25-C35 alkanes were not identified as was 
documented previously (Davis, 1968) (Fig. 3.36). In accordance with the 
proposed reasoning as to the absence of alkanes in D. desulfuricans NCIMB 
8307, H2 availability may have been a limiting factor in alkane production in D. 
desulfuricans NCIMB 8326, contributing to the lower concentrations observed in 
extracts of the bacterium in this investigation, compared to those of Davis 
(Davis, 1968). Alternative explanations exist and a comprehensive discussion 
regarding the discrepancies observed between the findings in this study and 
those in the literature will be presented in the final discussion. 
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Fig. 3.36  Comparison of Alkanes Present in Lipid Extracts of Desulfovibrio 
desulfuricans NCIMB 8326 
The lower-left GC-TIC is for a DCM extract of D. desulfuricans NCIMB 8326 obtained in this 
study. The upper-right GC-TIC (∗) is for a cellular extract of the bacterium obtained and 
analysed by Davis (Davis, 1969). Alkanes present in both extracts are shown in red. Alkanes 
present only in the extract obtained by Davis (and the corresponding section of the GC-TIC in 
which these alkanes would be present from the results obtained in this study) are shown in blue.  
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The carbon chain length distribution D. desulfuricans NCIMB 8326 alkanes 
observed in this study is particularly interesting. Alkane distributions containing 
a predominance of odd-number carbon chain alkanes have been widely 
reported in animals (Jacob, 1978;  Lockey, 1980), plants (Jenks et al., 1995;  
Rashotte et al., 2001) and microorganisms (Albro & Dittmer, 1969a;  Murray & 
Thomson, 1977;  Dobson et al., 1988). It is generally accepted that such 
distributions arise through the synthesis of even-number carbon chain fatty 
acids and loss of a terminal carbon atom through a subsequent decarboxylation 
or decarbonylation reaction. However, hydrocarbon distributions containing a 
predominance of even-number carbon chain alkanes are rare in biological 
systems. This suggests that D. desulfuricans NCIMB 8326 may synthesise 
alkanes either through a successive reduction pathway analogous to that 
proposed for Vibrio furnissii (Park, 2005), or through a novel pathway.  
D. desulfuricans NCIMB 8326 also synthesised appreciable quantities of 
C15-C18 fatty acids, with two fatty acids both identified as n-pentadecanoic acid 
most abundant. These findings again conflicted with those of Davis who 
reported D. desulfuricans NCIMB 8326 to synthesise predominantly                  
n-octadecanoic acid (Davis, 1968). In similarity to D. desulfuricans NCIMB 8307 
and D. desulfuricans NCIMB 8326, the long-chain fatty acid profiles did not 
correlate to those of a number of other strains of D. desulfuricans (Boon et al., 
1977;  Taylor & Parkes, 1983;  Edlund et al., 1985). The fatty acid profile of D. 
desulfuricans NCIMB 8326 was more similar to that of Desulfovibrio gabonensis 
and Desulfovibrio paquesii, both of which synthesise predominantly anteiso-
C15:0 fatty acids (Tardy-Jacquenod et al., 1996;  van Houten et al., 2009). 
However, D. desulfuricans G20 was reported to synthesise iso- and anteiso-
C15:0 fatty acids in addition to the iso- and anteiso-C17:0 fatty acid that is most 
frequently observed in strains of D. desulfuricans (McBeth et al., 2001). 
Aldehydes and ethanolamides were not detected in DCM extracts of D. 
desulfuricans NCIMB 8326 when cultured in PMC, giving credence to the 
prediction that they are possible intermediates in the hydrocarbon biosynthesis 
pathway of D. desulfuricans.  
This study highlighted the flexibility and adaptability of D. desulfuricans 
lipid biosynthesis and metabolism. Substantial inter- and intra-strain variations 
in the profiles of fatty acids, hydrocarbons and other organic products were 
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observed, with the presence and concentration of these products often 
dependent upon culture media. Notably, the conditions in which the strains 
were cultured frequently conferred alkane biosynthesis in D. desulfuricans 
NCIMB 8326 yet they did not appear to in D. desulfuricans NCIMB 8307 and                   
D. desulfuricans NCIMB 8312. The results herein therefore provide an excellent 
framework in which to analyse the genetic pathways involved in alkane 
biosynthesis in D. desulfuricans.  
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CHAPTER 4  – MICROARRAY ANALYSIS OF                                
DESULFOVIBRIO DESULFURICANS 
4.1. Introduction 
There are many documented accounts of hydrocarbon synthesis by SRB. 
In addition to reports regarding the production of alkanes by Desulfovibrio spp., 
mentioned in Section 3.1, numerous other strains of SRB have been reported to 
yield varying quantities of intracellular and extracellular long chain alkanes. 
Strains of Desulfotomaculum, Desulfobacterium, Desulfomicrobium, 
Thermodesulfobacterium and Desulfobacter in addition to a number of strains of 
Desulfovibrio, possess the capacity to synthesise appreciable quantities of 
alkanes (Han & Calvin, 1969;  Bagaeva, 1997). Furthermore, alkane 
biosynthesis has been reported in other species of anaerobic bacteria closely 
phylogenetically related to the SRB, for instance in Clostridium pasteuranium 
(Bagaeva & Zinurova, 2004). The potential to synthesise alkanes therefore 
appears to be a facet shared throughout the SRB and it is possible that the 
genes involved in alkane biosynthesis in Desulfovibrio desulfuricans have 
homologues in many SRB strains (Fig. 4.1). In Chapter 3, the presence of 
alkanes in cellular extracts of D. desulfuricans NCIMB 8326 and absence of 
alkanes in cultures of D. desulfuricans NCIMB 8307 was described. Both strains 
had previously been reported to synthesise alkanes (Davis, 1968;  Han & 
Calvin, 1969;  Bagaeva & Chernova, 1994;  Bagaeva, 2000;  Bagaeva & 
Belyaeva, 2000), thus suggesting that alkane biosynthesis in D. desulfuricans 
NCIMB 8307 is determined by culture conditions (i.e. dependent on changes in 
gene expression and not the absence or presence of genes in the genome). 
Microarray data, used in tandem with bioinformatical analysis, rarely 
provides concrete evidence for identification of gene or protein function. 
However, these methods can provide a powerful, holistic, approach to gain 
insight into how organisms regulate their genome and can often provide a large 
number of suitable screening targets for determining genes responsible in 
regulating important cellular responses and novel processes (Sepulveda et al., 
2002; Bunney et al., 2003;  Voz et al., 2004). Therefore, in an attempt to gain 
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Fig. 4.1  Maximum-Likelihood Phylogenetic Tree based on 16s rDNA 
Sequences of Sulphate-Reducing Bacteria 
The 16s rDNA sequences of D. desulfuricans NCIMB 8326 and D. desulfuricans NCIMB 8307 
were compared to D. desulfuricans G20 (red)∗ and a number of other SRB reported to 
synthesise alkanes using a maximum-likelihood algorithm as described in Section 2.2.5. 
Further strains of SRB were selected to give a broad representation of the lineage. All strains in 
which alkane biosynthesis has been reported are highlighted in blue. Bootstrap values are 
expressed as a percentage of 500 replications. Branches are collapsed where support is below 
50%.  The scale bar represents 0.1 substitutions per nucleotide position. 
                                                        
∗ D. desulfuricans G20 was specifically included in the analysis as the probes of the Affymetrix 
GeneChips used in this investigation were designed based upon the predicted ORFs within the 
genome of this strain. 
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insight into potentially critical genes involved in regulating alkane biosynthesis, 
the transcriptomes of D. desulfuricans NCIMB 8326 and D. desulfuricans 
NCIMB 8307 were compared using custom Affymetrix GeneChips, the probes 
of which were based upon the ORFs in the genome sequence of D. 
desulfuricans G20 (a strain with a published genome sequence documented to 
synthesise hydrocarbons (Friedman & Rude, 2010;  Louis et al., 2010)). This 
approach may not have been suitable for a comprehensive analysis of global 
transcriptome regulation in the D. desulfuricans strains as interspecies 
sequence variations would affect the hybridisation rates of perfect-match and 
mis-match probes in arrays. However, essential genes that regulate important 
metabolic pathways evolve at relatively slow rates (Jordan et al., 2002) and 
would consequently possess identical or highly homologous sequences in the 
Desulfovibrio genus. This approach was therefore employed on the assumption 
that the genes involved in fatty acid biosynthesis, fatty acid metabolism and 
hydrocarbon biosynthesis are present in D. desulfuricans NCIMB 8307, D. 
desulfuricans NCIMB 8326 and D. desulfuricans G20 and that their nucleotide 
sequences amongst the three strains are highly homologous. 
Prior to this investigation, homologues of Synechococcus elongatus 
PCC7942 aldehyde decarbonylase (orf1593) and acyl-ACP reductase (orf1594) 
(Shirmer et al., 2010) and the enzymes encoded by the oleABCD operon in 
Shewanella oneidensis (Sukovich et al. 2010a; Sukovich et al. 2010b) were 
screened for in the D. desulfuricans G20 genome to determine any candidate 
genes likely involved in alkane formation in D. desulfuricans. However, no 
notable homologues were identified. Therefore, this study aimed to determine 
genes directly involved in alkane biosynthesis by examining expression patterns 
and protein domains of genes encoding hypothetical proteins. Furthermore, this 
investigation aimed to identify genes of the D. desulfuricans fatty acid synthesis 
and fatty acid metabolic pathways potentially important in regulating alkane 
biosynthesis by analysing genes pertinent to these pathways. 
Analysis of the microarray data revealed that only a single gene predicted 
to be involved in D. desulfuricans fatty acid biosynthesis and metabolism - 
encoding a long chain fatty acid-CoA ligase - was significantly differentially 
expressed in D. desulfuricans NCIMB 8326 and D. desulfuricans NCIMB 8307 
when cultured in PMC to the late-exponential growth phase, the gene showing 
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increased expression in D. desulfuricans NCIMB 8326. An aspartyl/glutamyl-
tRNA amidotransferase was also significantly over-expressed in D. 
desulfuricans NCIMB 8326 and was potentially important in regulating cellular 
free fatty acid content. Furthermore, a number of genes encoding hypothetical 
proteins were identified that were possibly important in regulating hydrocarbon 
production.  
4.2. Materials and methods 
4.2.1  Bacterial Culturing and Dichloromethane Extraction of Cellular Organic 
Products 
Culturing of strains, harvesting of CDM, DCM extraction of organic 
products, separation of DCM extract fractions, preparation and derivatisation of 
extracts was performed in accordance with their relevant protocols as outlined 
in Section 3.2. Extracts obtained from triplicate cultures of D. desulfuricans 
NCIMB 8307 cultured in PMC to the late-exponential growth phase were 
analysed both with and without fractionation, with unfractionated samples 
analysed both with and without derivatisation. Extracts obtained from triplicate 
cultures of D. desulfuricans NCIMB 8326 cultured in PMC to the late-
exponential growth phase were analysed after fractionation. Hexane:acetone 
(9:1, v/v) fractions of D. desulfuricans NCIMB 8326 extracts were analysed both 
with and without derivatisation. However, there was insufficient biomass for a 
derivatised analysis of the hexane:acetone (9:1, v/v) fraction for one of the D. 
desulfuricans NCIMB 8326 replicates. A single D. desulfuricans NCIMB 8326 
extract was further analysed using GCxGC to confirm the profile of non-polar 
lipid metabolites and screen for any further compounds not detected using GC-
MS.  
4.2.2  Gas Chromatography-Mass Spectrometry 
Separation and identification of organic products in DCM extracts was 
performed using a Trace GC-MS 2000 (Thermo Finnigan) fitted with a ZB-1ms 
column (dimensions: 30 mm x 0.32 mm ID, film thickness 0.25 µm). An 
isothermal phase was conducted for 2 min by heating to 25 °C. The GC oven 
was then heated at a rate of 10 °C min-1 to 320 °C which was held for 10 min. 
CHAPTER 4 –  MICROARRAY ANALYSIS OF DESULFOVIBRIO DESULFURICANS 
  142 
The injector temperature remained constant at 250 °C (splitless) and the carrier 
gas helium flow rate remained constant at 2 ml min-1. Mass spectrometry was 
performed as described in Section 2.2.11. GCxGC was performed as described 
in Section 2.2.12.  
4.2.3  RNA Extraction and Analysis 
RNA was extracted from 5 ml of bacterial culture grown in PMC to the late-
exponential growth phase using RNAprotect reagent (Qiagen) and an RNeasy 
Mini Kit (Qiagen) according to the manufacturers’ instructions for enzymatic 
lysis of bacteria and purification of total RNA. Concentration and purification of 
RNA was performed using an RNeasy MinElute Cleanup Kit (Qiagen) according 
to the manufacturers instructions. Total RNA was quantified using a Nanodrop 
1000 spectrophotometer (Thermoscientific) (Appendix 4.1). The integrity of 
total RNA was analysed using an Agilent 2100 Bioanalyser (Agilent) according 
to the manufacturers’ instructions for analysis of RNA samples (Appendix 4.2). 
RNA was sent to NASC for preparation and hybridisation of biotin-labeled cDNA 
and for post-hybridisation washing, staining and scanning of microarray 
GeneChips.  
4.2.4  Preparation of Fragmented, Biotin-Labeled cDNA 
A 10 µg sample of total RNA was mixed with 10 µl of 75 ng µl-1 random 
oligonucleotide primers (Invitrogen), 2 µl of diluted (1:20) poly-adenylic RNA 
control solution and 30 µl of nuclease-free water and incubated at 70 °C for 10 
min and at 25 °C for 10 min. A 30 µl aliquot of this solution was mixed with 12 µl 
1st strand buffer, 6 µl 100 mM DTT, 3 µl 10 mM dNTPs, 1.5 µl SUPERaseIn 
(Ambion) (20 U µL-1) and 7.5 µl SuperScript II (Invitrogen) (200 U µl-1) and 
incubated at 25 °C for 10 min, 37 °C for 60 min, 42 °C for 60 min and at 70 °C 
for 10 min to generate cDNA. Residual RNA was removed by adding 20 µl of     
1 M NaOH and incubating at 65 °C for 30 min. The mixture was then 
neutralised by addition of 20 µl 1 M HCl. Clean-up of cDNA was performed 
using a MinElute PCR Purification Kit (Qiagen), performed according to the 
manufacturers instructions and eluted in 12 µl of EB buffer. The cDNA was then 
fragmented by addition of DNase I (final concentration: 0.6 U µg-1 cDNA), 2 µl 
10x DNase I Buffer and nuclease-free water to give a final volume of 20 µl and 
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incubated at 37 °C for 10 min and at 98 °C for 10 min. The fragmented cDNA 
was labeled with biotin by addition of 2 µl GeneChip DNA labeling reagent 
(Affymetrix, P/N 900542), 2 µl terminal deoxynucleotidyl transferase, 10 µl 5x 
reaction buffer and 16 µl nuclease-free water and incubating at 37 °C for 60 
min. The reaction was stopped by addition of 2 µl of 0.5 M EDTA. 
4.2.5  Hybridisation of Fragmented Biotin-Labeled cDNA 
Fragmented biotin-labeled cDNA was prepared for hybridisation by 
addition of 3.3 µl control oligonucleotide B2 (3 nM), 100 µl 2X hybridisation mix 
and nuclease-free water to a final volume of 200 µl. The sample was then 
loaded onto a VfuDsulfa520724F custom GeneChip probe array (Affymetrix) 
containing 3805 probe sets for all predicted ORFs and expressed sequence 
tags present in the D. desulfuricans G20 genome obtained from GenBank; each 
probe set contained 11 perfect matched oligonucleotides and 11 control probes 
containing a single nucleotide mismatch for determining relative gene 
expression levels. Hybridisation was performed at 50 °C for 16 h. 
4.2.6  Post-Hybridisation Washing, Staining and Scanning 
Following hybridisation, the hybridisation mix was removed and the probe 
array washed with Wash Buffer A (Affymetrix). Post-hybridisation washes were 
then performed using Wash Buffer A (10 cycles of 2 mixes per cycle at 25 °C) 
and Wash Buffer B (Affymetrix) (4 cycles of 15 mixes per cycle at 45 °C) before 
staining for 5 min with Stain Cocktail 1 (Affymetrix) for 5 min at 25 °C. A post-
stain wash was performed using Wash Buffer A (10 cycles of 4 mixes per cycle 
at 30 °C) before the probe was stained with Stain Cocktail 2 (Affymetrix) for 5 
min at 25 °C and Stain Cocktail 1 for 5 min at 25 °C. A final wash was 
performed using Wash Buffer A (15 cycles of 4 mixes per cycle at 25 °C). The 
GeneChip probe array was scanned using a GeneChip scanner 3000 
(Affymetrix). 
4.2.7  Bioinformatic Analysis 
Normalisation of raw fluorescent intensity values of the individual probe 
sets was performed using Mas 5.0. Manipulation and visualisation of the 
normalised fluorescence values to determine significantly differentially 
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expressed genes, potential co-expressing genes to those annotated as involved 
in fatty acid biosynthesis and metabolism and genes potentially involved in 
regulating alkane biosynthesis using ontological data was performed using 
GeneSpringGX v11.5. Gene ontologies were obtained from UniProt.  
Maps of D. desulfuricans fatty acid biosynthesis and metabolism pathways 
were obtained from the KEGG pathway database (Kanehisa & Goto, 2000). 
Network analysis and visualisation of D. desulfuricans G20 genes involved in 
fatty acid biosynthesis and metabolism and their predicted co-expressors was 
performed using Cytoscape (Smoot et al., 2011). 
Protein sequences of genes encoding hypothetical proteins were 
compared to the GenBank non-redundant protein database using BLASTP to 
identify possible homologous proteins. Identification of significant Pfam domains 
was performed by comparing protein sequences to the Pfam protein families 
database using the search tool on the Wellcome Trust Sanger institute website 
(Finn et al., 2010). Identification of signal peptide domains was performed using 
SignalP 3.0 by comparison of protein sequences to the Gram-negative bacterial 
signal peptide database using both neural network and Hidden Markov models 
(Bendtsen et al., 2004). Identification of protein transmembrane domains was 
performed by comparing protein sequences to TMbase using TMPred using a 
minimum of 17 amino acids and a maximum of 33 amino acids to predict the 
hydrophobic domain of a transmembrane helix (Hofmann & Stoffel, 1993).  
4.3. Results 
4.3.1  Organic Products in Cultures of Desulfovibrio desulfuricans Used for 
Microarray Analysis 
Alkanes were detected in the DCM extracts of three late-exponential 
growth phase cultures of D. desulfuricans NCIMB 8326 at an average 
concentration of 243 µg g-1 (0.0243 %) CDM (Fig. 4.2). A C20 alkene was also 
detected in these extracts and accounted for 137 µg g-1 CDM. Conversely, 
alkanes and alkenes were not detected in the intracellular or extracellular DCM 
extracts of three late-exponential phase cultures of D. desulfuricans NCIMB 
8307. Fatty acids were detected in all D. desulfuricans extracts, although the 
concentrations and carbon chain length distributions varied considerably 
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Fig. 4.2  Organic Products in Desulfovibrio desulfuricans Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 (grey) and 
D. desulfuricans NCIMB 8326 cells cultured in PMC to the late-exponential growth phase. 
Culture extracts analysed were those from which RNA was sampled for microarray analysis. 
The mean total concentrations of organic products in the extracts, limited to alkanes, alkenes, 
fatty acids, ethanolamides, aldehydes and fatty acid, 1-(hydroxymethyl)-1,2-ethanediyl esters 
(FAED esters) is shown in A. Mean concentrations of fatty acids in the extracts are shown in B. 
The carbon chain length distribution of fatty acids in the extracts is shown in C. Points represent 
the mean of 3 independent replicates (except for fatty acid concentrations and carbon chain 
length distributions of D. desulfuricans NCIMB 8326 where n = 2) with standard error bars 
shown. 
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between strains. Fatty acids were detected at an average concentration of    
1.69 mg g-1 CDM in extracts of D. desulfuricans NCIMB 8326 (Fig. 4.2).          
N-pentadecanoic acid was most abundant and accounted for approximately     
80 % of the total fatty acids (Fig. 4.2). Fatty acids were detected at an average 
concentration of 337 µg g-1 CDM in extracts of D. desulfuricans NCIMB 8307. 
However, n-hexadecanoic acid was most abundant and accounted for 
approximately 90 % of the total fatty acids. A series of fatty acid ethanolamides 
was identified in D. desulfuricans NCIMB 8307 extracts at an average 
concentration of 520 µg g-1 CDM. A number of organic products predicted as 
fatty acid amides were also identified in D. desulfuricans NCIMB 8307 extracts. 
A series of saturated and monounsaturated aldehydes and a series of fatty 
acid, 1-(hydroxymethyl)-1,2-ethanediyl esters, were further detected in the D. 
desulfuricans NCIMB 8307 extracts, at concentrations of 35 µg g-1 CDM and 
201 µg g-1 CDM respectively. GC-TICs for all D. desulfuricans NCIMB 8326 and 
D. desulfuricans NCIMB 8307 DCM extracts can be viewed in Appendices    
4.3 - 4.18. 
4.3.2  Overview of Significantly Differentially Expressed Genes in D. 
desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 8326 
A pair-wise comparison of the average normalised gene expression 
profiles obtained for D. desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 
8326 was performed using a 95 % confidence interval for determining 
significantly differentially expressed genes. A total of 941 genes, accounting for 
approximately 25 % of the total number of predicted genes present in the D. 
desulfuricans G20 genome, were significantly differentially expressed between 
the two strains (Fig. 4.3). Of these genes, 470 were over-expressed in D. 
desulfuricans NCIMB 8326 and the remaining 471 were under-expressed. 
A pair-wise comparison of the average normalised gene expression 
profiles of the two D. desulfuricans strains was further conducted using a 2.0-
fold difference in expression and a 95 % confidence value as cutoff criteria to 
determine genes showing greatest differential expression. A total of 51 genes 
showed a significant change in expression between the two strains using these 
criteria: 27 genes were over-expressed in D. desulfuricans NCIMB 8326 and 24 
genes were under-expressed in the strain (Fig. 4.3 & Fig. 4.4). Of the 51 genes, 
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Fig. 4.3  Normalised Intensities of Significantly Differentially Expressed Probe 
Sets in D. desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 8326 
The normalised intensity values for probe sets of Affymetrix GeneChips, constructed based 
upon predicted ORFs within the D. desulfuricans G20 genome, were compared for D. 
desulfuricans NCIMB 8307 (n = 3) and D. desulfuricans NCIMB 8326 (n = 3) cultured in PMC to 
late-exponential growth phase. The individual normalised intensities for significantly differentially 
expressed probe sets (P < 0.05) between D. desulfuricans NCIMB 8307 and D. desulfuricans 
NCIMB 8326 is shown in A and those for probe sets showing a greater than 2.0-fold change (P 
< 0.05) in expression between the two strains is shown in B. 
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Fig. 4.4  Hierarchical Cluster Analysis of Probe Sets Significantly Differentially 
Expressed Above 2.0-fold between D. desulfuricans NCIMB 8307 and             
D. desulfuricans NCIMB 8326 
The mean normalised intensity values for probe sets of Affymetrix GeneChips, constructed 
based upon predicted ORFs within the D. desulfuricans G20 genome, were compared for D. 
desulfuricans NCIMB 8307 (n = 3) and D. desulfuricans NCIMB 8326 (n = 3) cultured in PMC to 
late-exponential growth phase using a 2.0-fold difference in expression and a 95% confidence 
value as cutoff criteria. Probe sets were clustered based upon similarity in expression. Over-
expressed probe sets are shown in red. Under-expressed probe sets are shown in blue. 
Magnitude of the fold change in expression is indicated by colour intensity. Probe sets marked 
with a * represent probe sets that possess sequences identical to other ORF probe sets present 
within the GeneChips. 
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7:'Y<Z<=,
7:'YNNZ0,
7:'Y10NP,
7:'YNN<0,
7:'Y1><0,
7:'YNN0P,
7:'Y>10[,
7:'Y><N0,
7:'Y10[[,
7:'Y1=<N,
7:'Y>10=,
7:'YN=PX,
7:'Y1[><,
7:'Y>0PP,
7:'YNN0Z,
7:'Y>[P1,
7:'Y1XZZ,
7:'Y<0><,
7:'YNZN0,
7:'YN><1,
7:'YN=<0,
7:'YNPXZ,
7:'YN[>Z,
7:'Y1X00,
7:'Y1[Z1,\,
7:'Y>1N1,
7:'Y>[N[,
7:'Y>PX1,
7:'YN<>[,
7:'Y1[>Z,\,
7:'YN10<,
7:'Y<=X=,
7:'YN=<[,
7:'Y1[0<,
7:'Y<ZZZ,
7:'Y1[Z1,
7:'Y1[01,
7:'Y>>>1,
7:'Y>[=P,
7:'Y>P=X,
7:'Y1[Z[,
7:'Y<1ZN,
7:'Y>><<,
7:'YNX1>,
7:'Y>[>Z,
7:'Y1[00,
7:'Y>PXP,
7:'Y>PXN,
7:'Y>PXN,\,
7:'Y1[Z<,
7:'Y1[00,
7:'Y>PP>,
7:'Y<ZNZ,
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only 26 were annotated using the NCBI non-redundant database. Eleven genes 
with annotations were over-expressed in D. desulfuricans NCIMB 8326 and 15 
genes with annotations were under-expressed in the strain (Fig. 4.5 & Fig. 4.6). 
All remaining differentially expressed genes were not annotated and were 
predicted to encode hypothetical proteins. 
A pair-wise comparison of the average normalised gene expression 
profiles of the two D. desulfuricans strains was also conducted using a 1.5-fold 
difference in expression and a 95 % confidence value as cutoff criteria. A 
summary of these genes is shown in Appendix 4.20 & Appendix 4.21. 
4.3.3  Analysis of Genes Important in Desulfovibrio desulfuricans Fatty Acid 
Biosynthesis and Metabolism 
In an attempt to determine aspects of the D. desulfuricans fatty acid 
synthesis and metabolic pathways potentially important in regulating 
hydrocarbon biosynthesis, 21 genes were selected for expression analysis 
based upon their KEGG annotation (Fig. 4.7 & Fig. 4.8). Firstly, the expression 
levels of the 21 genes in D. desulfuricans NCIMB 8326 and D. desulfuricans 
NCIMB 8307 were assessed to determine those that were significantly 
differentially expressed. Furthermore, a co-expression network was generated 
using Cytoscape, with the 21 selected genes used as network ‘hubs’. To 
identify genes showing co-expression to the hub genes, Pearson correlation 
coefficients were calculated from the normalised fluorescent intensity values 
obtained from the microarray expression data using an r-value cut-off of 0.75. 
Only a single gene predicted to be directly involved in fatty acid 
biosynthesis or metabolism, annotated as encoding a long chain fatty acid-CoA 
ligase (Dde_1725), was significantly differentially expressed between D. 
desulfuricans NCIMB 8326 and D. desulfuricans NCIMB 8307. The gene 
showed a 1.24-fold increase in expression in D. desulfuricans NCIMB 8326. 
The expression data was used to identify two connected co-expression 
networks (Fig. 4.9). One network encompassed hub genes involved in fatty acid 
elongation (Dde_2657, Dde_2658 and Dde_2429) and centred around the 
differentially expressed long chain fatty acid-CoA ligase (Dde_1725). The other 
network contained hub genes important in fatty acid synthesis upstream 
processes such as generation of acetyl-CoA (Dde_1542) and acetyl-ACP
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IDENTIFIER ANNOTATION MEAN FOLD 
INCREASE P-VALUE 
GENES WITH ASSIGNED ANNOTATION   
Dde_1020 Aspartyl/glutamyl-tRNA (Asn/Gln) amidotransferase, A subunit 2.09 4.13E
-3 
Dde_1110 Adenylylsulfate reductase 2.49 3.12E-4 
Dde_1133 30S ribosomal protein S2 2.25 3.75E-2 
Dde_1914 Integrase/recombinase 2.25 4.71E-2 
Dde_1968 TRASH 2.34 2.76E-3 
Dde_2053 DNA primase 2.12 4.27E-4 
Dde_2639 Threonyl-tRNA synthetase 2.18 3.12E-4 
Dde_2701 ATP synthase F0, C subunit 2.41 3.97E-2 
Dde_3042 D-alanine--D-alanine ligase 2.22 5.41E-3 
Dde_3424 Type I site-specific deoxyribonuclease, HsdR family 4.92 6.72E-3 
Dde_3676 Acetyltransferase (isoleucine patch superfamily)-like 2.13 5.13E-3 
GENES WITHOUT ASSIGNED ANNOTATION   
Dde_0775 Hypothetical protein 2.00 2.29E-2 
Dde_0914 Hypothetical protein 2.20 5.39E-4 
Dde_0940 Hypothetical protein 2.26 6.10E-4 
Dde_0943 Hypothetical protein 5.00 2.17E-3 
Dde_0949 Hypothetical protein 2.14 1.53E-2 
Dde_0950 Hypothetical protein 2.12 3.86E-2 
Dde_0953 Hypothetical protein 2.09 2.28E-2 
Dde_0955 Hypothetical protein 4.67 8.01E-3 
Dde_1867 Hypothetical protein 2.39 2.34E-2 
Dde_1870 Hypothetical protein 2.27 1.48E-2 
Dde_1872 Hypothetical protein 3.20 3.65E-2 
Dde_1878 Hypothetical protein 3.49 4.61E-3 
Dde_1881 Hypothetical protein 3.60 2.29E-2 
Dde_1929 Hypothetical protein 2.07 3.22E-2 
Dde_2319 Hypothetical protein 2.28 6.24E-3 
Dde_3444 Hypothetical protein 2.14 2.77E-2 
Fig. 4.5  A Summary of Genes Showing Over-Expression in Desulfovibrio 
desulfuricans NCIMB 8326 
The mean expression of predicted genes in the D. desulfuricans G20 genome in D. 
desulfovibrio NCIMB 8307 (n = 3) and D. desulfuricans NCIMB 8326 (n = 3) cultured in PMC to 
late-exponential growth phase were compared using a 2.0-fold difference in expression and a 
95% confidence value as cutoff criteria. Genes showing over-expression in D. desulfuricans 
NCIMB 8326 are shown, with those predicted to be involved in metabolic processes based upon 
their UniProt ontologies in bold. 
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IDENTIFIER ANNOTATION MEAN FOLD 
INCREASE P-VALUE 
GENES WITH ASSIGNED ANNOTATION   
Dde_0528 Dissimilatory sulfite reductase B 3.45 2.91E-4 
Dde_0744 Putative PAS/PAC sensor protein 2.35 3.20E-3 
Dde_1059 PhoH-related protein 2.38 1.79E-2 
Dde_1325 ATPase 2.54 2.02E-3 
Dde_1588 ATP-dependent DNA helicase, UvrD/REP family 2.00 4.01E-3 
Dde_1980 Transcriptional regulator, putative 2.03 1.21E-4 
Dde_2130 Transcription termination factor Rho 2.55 7.70E-3 
Dde_2235 50S ribosomal protein L36 3.90 9.45E-5 
Dde_2245 50S ribosomal protein L5 2.94 5.10E-3 
Dde_2254 50S ribosomal protein L2 2.01 4.92E-4 
Dde_2258 30S ribosomal protein S10 2.20 3.16E-2 
Dde_2425 50S ribosomal protein L28 2.49 6.31E-3 
Dde_2635 Phenylalanyl-tRNA synthetase, alpha subunit 2.04 1.11E-2 
Dde_2687 PAS/PAC sensor signal transduction histidine kinase 2.22 1.09E
-3 
Dde_3513 Formate dehydrogenase alpha subunit 2.37 1.76E-4 
GENES WITHOUT ASSIGNED ANNOTATION   
Dde_0101 Hypothetical protein 3.24 3.81E-3 
Dde_0153 Hypothetical protein 2.03 4.21E-2 
Dde_0599 Hypothetical protein 2.12 5.94E-3 
Dde_0632 Hypothetical protein 2.16 8.16E-3 
Dde_0913 Hypothetical protein 2.20 8.09E-3 
Dde_1056 Hypothetical protein 2.13 4.47E-2 
Dde_2874 Hypothetical protein 3.38 1.64E-2 
Dde_2914 Hypothetical protein 6.57 1.62E-3 
Dde_3436 Hypothetical protein 3.42 3.69E-3 
Fig. 4.6  A Summary of Genes Showing Under-Expression in Desulfovibrio 
desulfuricans NCIMB 8326 
The mean expression of predicted genes in the D. desulfuricans G20 genome in D. 
desulfovibrio NCIMB 8326 (n = 3) and D. desulfuricans NCIMB 8307 (n = 3) cultured in PMC to 
late-exponential growth phase were compared using a 2.0-fold difference in expression and a 
95% confidence value as cutoff criteria. Genes showing under-expression in D. desulfuricans 
NCIMB 8326 are shown, with those predicted to be involved in metabolic processes based upon 
their UniProt ontologies in bold. 
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Fig. 4.7 (A)  Fatty Acid Biosynthesis in Desulfovibrio desulfuricans 
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PROCESS/ 
PROTEIN ENZYME IDENTIFIER 
MEAN FOLD 
CHANGE P-VALUE 
6.4.1.2. Acetyl-CoA carboxylase Dde_1542 - 1.12 0.287 
FabD [Acyl-carrier-protein] S-malonyltransferase Dde_2294 - 1.12 6.80 E-2 
FabH 3-oxoacyl-[acyl-carrier-protein] synthase III Dde_2428 + 1.10 0.360 
FabB Beta-ketoacyl synthase Dde_2660 + 1.00 0.997 
FabF 3-oxoacyl-[acyl-carrier-protein] synthase II Dde_2431 + 1.07 0.693 
FabG 
3-oxoacyl-[acyl-carrier-protein] reductase 
Short chain dehydrogenase/ reductase 
family oxidoreductase 
Dde_2429 
Dde_2658 
+ 1.15 
+ 1.08 
0.189 
0.276 
FabZ (3R)-hydroxymyristoyl-ACP dehydratase hypothetical protein 
Dde_1373 
Dde_2657 
+ 1.03 
+ 1.36 
0.743 
0.159 
FabI Enoyl-[acyl-carrier-protein] reductase Dde_1006 - 1.03 0.830 
3.1.2.14. Oleoyl-(acyl-carrier protein) hydrolase Dde_1605 - 1.01 0.897 
6.1.2.2. Thioesterase family protein Dde_0336 - 1.11 0.119 
Fig. 4.7 (B) Fatty Acid Biosynthesis in Desulfovibrio desulfuricans  
The diagram shown in Fig. 4.7 (A) is a schematic representation (obtained using KEGG) of 
fatty acid biosynthesis in D. desulfuricans showing proteins with predicted homologues in D. 
desulfuricans G20, based upon their KEGG annotation, in green. The table shown in Fig. 4.7 
(B) summarises the pathway genes including relevant D. desulfuricans G20 identifiers and 
mean expression levels in late-exponential growth phase cultures of D. desulfuricans NCIMB 
8326 (n = 3) relative to D. desulfuricans NCIMB 8307 (n = 3). 
 
CHAPTER 4 –  MICROARRAY ANALYSIS OF DESULFOVIBRIO DESULFURICANS 
  154 
 
Fig. 4.8 (A) Fatty Acid Metabolism in Desulfovibrio desulfuricans  
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PROCESS ENZYME IDENTIFIER MEAN FOLD 
CHANGE P-VALUE 
6.2.1.3. 
AMP-binding enzyme family protein 
Long chain fatty acid-CoA ligase 
Dde_0193 
Dde_1725 
- 1.10 
+ 1.24 
0.300 
3.61 E-2 
1.1.1.1. 
Alcohol dehydrogenase 
Alcohol dehydrogenase 
Alcohol dehydrogenase 
Acetaldehyde dehydrogenase-like 
Alcohol dehydrogenase 
Alcohol dehydrogenase 
Dde_1164 
Dde_3062 
Dde_3126 
Dde_3283 
Dde_3523 
Dde_3534 
- 1.08 
- 1.00 
- 1.05 
- 1.18 
+ 1.01 
- 1.19 
0.135 
0.968 
0.680 
5.96 E-2 
0.804 
0.299 
1.2.1.3. Putative aldehyde dehydrogenase Dde_3121 - 1.43 0.237 
Fig. 4.8 (B)  Fatty Acid Metabolism in Desulfovibrio desulfuricans  
The diagram shown in Fig. 4.8 (A) is a schematic representation (obtained using KEGG) of fatty 
acid metabolism in D. desulfuricans showing proteins with predicted homologues in D. 
desulfuricans G20, based upon their KEGG annotation, in green. The table in Fig. 4.8 (B) 
summarises the pathway genes including relevant D. desulfuricans G20 identifiers and mean 
expression levels in late-exponential growth phase cultures of D. desulfuricans NCIMB 8326    
(n = 3) relative to D. desulfuricans NCIMB 8307 (n = 3). 
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Fig. 4.9  Co-Expression Network of Genes Involved in Fatty Acid Biosynthesis 
and Metabolism in Desulfuricans desulfuricans 
Fatty acid biosynthesis and metabolism genes are labeled with their gene identifier. Genes 
significantly over-expressed in D. desulfuricans NCIMB 8326 (n = 3), compared to D. 
desulfuricans NCIMB 8307 (n = 3), are in red, genes significantly under-expressed in D. 
desulfuricans NCIMB 8326 are in blue and genes not significantly differentially expressed are in 
green. Magnitude of fold change in expression is indicated by node colour intensity. Edges are 
a white-green gradient indicating the Pearson correlation coefficient of 0.75-1.0. 
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(Dde_2294) in addition to genes involved with the formation of free fatty acids 
including a thioesterase (Dde_0336), alcohol dehydrogenases (Dde_1164, 
Dde_3126, Dde_3062 and 3534) and aldehyde dehydrogenases (Dde_3283 
and Dde_3121). The two networks were discerned by the expression patterns 
of predicted co-expressors to the hub genes. The network focused around 
Dde_1725 possessed a large number of co-expressed genes that were 
significantly over-expressed in D. desulfuricans NCIMB 8326 whilst the other 
contained a considerable number of co-expressed genes that were significantly 
under-expressed in the strain. The two networks were linked through a number 
of genes involved in both fatty acid synthesis and metabolism. 
4.3.4  Functional Analysis of Genes Showing Greatest Differential Expression in 
D. desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 8326 
In order to determine genes potentially important in regulating alkane 
biosynthesis, the UniProt ontologies were examined for the genes showing a 
greater than 2.0-fold difference in expression between D. desulfuricans NCIMB 
8326 and D. desulfuricans NCIMB 8307. Six genes that were over-expressed 
and 6 genes that were under-expressed in D. desulfuricans NCIMB 8326 
possessed roles involved in metabolism (Fig. 4.10 & Fig. 4.11). Specific 
functions of these genes fitted into a broad range of metabolic processes 
including catalysis, catabolism and biosynthesis. However, the majority of 
genes possessed ontologies that were predominantly related to the processing 
of macromolecules, notably of proteins. Therefore, few genes were predicted to 
have a potential role relating directly to alkane biosynthesis or connected 
metabolic pathways. However, a gene that was over-expressed in D. 
desulfuricans NCIMB 8326, predicted to encode aspartyl/glutamyl-tRNA 
amidotransferase subunit A (Dde_1020), had ontologies relating to amidase 
activity and fatty acid amide hydrolysis. More specifically, it was predicted to be 
involved in hydrolysis of ester bonds and carbon nitrogen (not peptide) bonds in 
linear amides. This reaction is of potential importance because linear amide 
hydrolysis results in the formation of fatty acids. 
Aspartyl/glutamyl-tRNA amidotransferase is a heterotrimeric enzyme that 
catalyzes the formation of asparaginyl-tRNA (Asn-tRNAAsn) and glutaminyl-
tRNA (Gln-tRNAGln) from their respective mischarged aminoacyl-tRNAs and 
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Fig. 4.10  Ontologies of Metabolically-Important Genes Over-Expressed in 
Desulfovibrio desulfuricans NCIMB 8326  
The mean expression of predicted genes in the D. desulfuricans G20 genome in D. 
desulfovibrio NCIMB 8326 (n = 3) and D. desulfuricans NCIMB 8307 (n = 3) cultured in PMC to 
late-exponential growth phase were compared using a 2.0-fold difference in expression and a 
95% confidence value as cutoff criteria. The distribution of ontologies for genes involved in 
metabolic processes showing over-expression in D. desulfuricans NCIMB 8326 is shown in the 
pie chart. 
CHAPTER 4 –  MICROARRAY ANALYSIS OF DESULFOVIBRIO DESULFURICANS 
  159 
 
Fig. 4.11  Ontologies of Metabolically-Important Genes Under-Expressed in 
Desulfovibrio desulfuricans NCIMB 8326  
The mean expression of predicted genes in the D. desulfuricans G20 genome in D. 
desulfovibrio NCIMB 8326 (n = 3) and D. desulfuricans NCIMB 8307 (n = 3) cultured in PMC to 
late-exponential growth phase were compared using a 2.0-fold difference in expression and a 
95% confidence value as cutoff criteria. The distribution of ontologies for genes involved in 
metabolic processes showing under-expression in D. desulfuricans NCIMB 8326 is shown in the 
pie chart. 
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functions in a compensatory pathway for bacteria deficient in Asparaginyl- and 
Glutaminyl-tRNA synthetases (Curnow et al., 1998;  Akochy et al., 2004). The 
synthesis of Gln-tRNAGln through this pathway is initiated by the formation of 
Glu-tRNAGln from an aminoacetylation reaction between tRNAGln and glutamate, 
catalyzed by a nondiscriminating glutamyl-tRNA synthetase (Proulx et al., 1983;  
Strauch et al., 1988;  Sekine et al., 2001). The mischarged aminoacyl-tRNA is 
subsequently converted to Gln-tRNAGln through a transamidation reaction, 
mediated by the aspartyl/glutamyl-tRNA amidotransferase (Strauch et al. 1988). 
The synthesis of Asn-tRNAAsn occurs similarly and requires the presence of a 
nondiscriminating aspartyl-tRNA synthetase to catalyze the formation of the 
mischarged aminoacyl-tRNA from tRNAAsn and aspartate in the initial step 
(Curnow et al., 1996;  Curnow et al., 1998).  In Bacillus subtilis the three 
subunits of the aspartyl/glutamyl-tRNA amidotransferase enzyme are encoded 
by a single operon termed gatCAB (Curnow et al., 1997). The A subunit of the 
enzyme is responsible for the catalytic activity of the enzyme, the B subunit is 
essential for identification of mischarged aminoacyl-tRNAs and the C subunit 
has been proposed to be essential for regulating activity and/or assisting in the 
folding of the A subunit (Curnow et al., 1997). Expression of all three subunits 
was reported to be necessary for optimal activity of the enzyme (Curnow et al., 
1997). 
Interestingly, the D. desulfuricans G20 genome contains copies of the 
genes encoding the Asparaginyl- and Glutaminyl-tRNA synthetases, negating 
the need for an alternative route for the production of these aminoacyl-tRNAs 
(Fig. 4.12). In addition, D. desulfuricans G20 possesses only discriminatory 
glutamyl- and aspartyl-tRNA synthetases and not the indiscriminatory homologs 
necessary for the formation of for Glu-tRNAGln and Asp-tRNAAsn in the 
transamidation pathway. Finally, the three subunits are not encoded in a single 
operon in D. desulfuricans G20. This information suggests the possibility that D. 
desulfuricans aspartyl/glutamyl-tRNA amidotransferase catalytic subunit may be 
involved in an alternative reaction to that which is responsible for the 
transamidation of mischarged aminoacyl tRNAs. This hypothesis was 
strengthened by the expression data: neither the genes encoding the 
aspartyl/glutamyl-tRNA amidotransferase B and C subunits, nor those encoding 
the Asparaginyl- and Glutaminyl-tRNA synthetases were significantly 
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PATHWAY RELEVANT ENZYME IDENTIFIER 
6.1.1.17 Glutamyl-tRNA synthetase Dde_2004 
6.1.1.24 Nondiscriminating glutamyl-tRNA synthetase N/A 
6.3.5.7 
Aspartyl/glutamyl-tRNA amidotransferase, A subunit 
Aspartyl/glutamyl-tRNA amidotransferase, B subunit 
Aspartyl/glutamyl-tRNA amidotransferase, C subunit 
Dde_1020 
Dde_2615 
Dde_1021 
6.1.1.18 Glutaminyl-tRNA synthetase Dde_0626 
6.1.1.7 Alanyl-tRNA synthetase Dde_2374 
6.1.1.12 Aspartyl-tRNA synthetase Dde_0012 
6.1.1.23 Nondiscriminating aspartyl-tRNA synthetase N/A 
6.3.5.6 
Aspartyl/glutamyl-tRNA amidotransferase, A subunit 
Aspartyl/glutamyl-tRNA amidotransferase, B subunit 
Aspartyl/glutamyl-tRNA amidotransferase, C subunit 
Dde_1020 
Dde_2615 
Dde_1021 
6.1.1.22 Aspartyl-tRNA synthetase Dde_0099 
Fig. 4.12  Aminoacyl tRNA Biosynthesis in Desulfovibrio desulfuricans  
The diagram shown above is a schematic representation (obtained using KEGG) of aminoacyl 
tRNA biosynthesis in D. desulfuricans showing proteins with predicted homologues in D. 
desulfuricans G20, based upon their KEGG annotation, in green. The table summarises the 
pathway genes including relevant D. desulfuricans G20 identifiers. 
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differentially expressed in D. desulfuricans NCIMB 8326 and D. desulfuricans 
NCIMB 8307. 
To assess plausible function of the aspartyl/glutamyl-tRNA 
amidotransferase, amino acid sequence alignments of entire protein and 
catalytic amidase signature (AS) sequences of D. desulfuricans G20 
aspartyl/glutamyl-tRNA amidotransferase subunit A (Dde_1020), Bacillus 
Subtilis glutamyl-tRNA amidotransferase subunit A (GatA), human fatty acid 
amide hydrolase (FAAH) and Arabidopsis thaliana N-acylethanolamine 
amidohydrolase (At5g64440) - a functional homolog of human FAAH that was 
originally characterised as glutamyl-tRNA amidotransferase based upon 
sequence data (Shrestha et al., 2003) - were performed. Highest homology 
across all proteins was between Dde_1020 and GatA (Fig. 4.13 & Fig. 4.14). 
The proteins shared 54% of their primary amino acid sequence across the 
entire protein and 67% of their amino acid sequence in the AS sequence. 
Homologies between all other proteins analysed were at least 25 % lower than 
between Dde_1020 and GatA. However, a higher amino acid sequence 
homology existed between Dde_1020 and FAAH (whole protein: 18% identity; 
AS sequence: 40% identity) than between At5g64440 and FAAH (whole 
protein: 15% identity; AS sequence: 31% identity), notably in the catalytic site. 
Whole protein and AS amino acid sequence identities between Dde_1020 and 
At5g64440 were 28% and 41% respectively. All four proteins conserved the 
Ser241-Ser217-Lys142 catalytic triad that is essential for amidase activity (Shin 
et al., 2002) (Fig. 4.13). However, substitutions were evident in the FAAH-
specific motif GGSSGGEGALI. Despite this, strong homology was observed 
between Dde_1020 and At5g64440 in this region (82% identity), indicating that 
these proteins could share functional analogy. 
4.3.5  Identification of Genes Potentially Involved in Desulfovibrio desulfuricans 
Alkane Biosynthesis 
Genes involved directly in alkane biosynthesis in D. desulfuricans are 
almost certain to currently have an annotation encoding for hypothetical 
proteins. Therefore, these genes represent the most suitable screening targets 
for involvement in formation of alkanes. Hypothetical proteins encoded by 
genes showing co-expression (using a Pearson correlation r-value >0.75) with 
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Fig. 4.13 Protein Sequence Analysis of Desulfovibrio desulfuricans G20 
Aspartyl/Glutamyl-tRNA Amidotransferase, A Subunit (Dde_1020) 
The primary amino acid sequence of Dde_1020 was compared to GatA of Bacillus subtilis 
(GatA), At5g64440 of A. thaliana (At5g64440) and human FAAH (FAAH) using ClustalW. The 
alignment above shows the AS sequence in blue, the Ser241-Ser217-Lys142 catalytic triad in 
green and the FAAH-specific motif in red. 
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SEQUENCE 1 LENGTH (BP) SEQUENCE 2 LENGTH (BP) IDENTITY 
Dde_1020 487 GatA 485 54 % 
Dde_1020 487 At5g64440 607 28 % 
GatA 485 At5g64440 607 25 % 
Dde_1020 487 FAAH 579 18 % 
GatA 485 FAAH 579 18 % 
FAAH 579 At5g64440 607 15 % 
A 
SEQUENCE 1 LENGTH (BP) SEQUENCE 2 LENGTH (BP) IDENTITY 
Dde_1020 131 GatA 131 67 % 
Dde_1020 131 At5g64440 132 41 % 
Dde_1020 131 FAAH 131 40 % 
GatA 131 FAAH 131 39 % 
GatA 131 At5g64440 132 35 % 
FAAH 131 At5g64440 132 31 % 
B 
Fig. 4.14  Protein Sequence Analysis of Desulfovibrio desulfuricans G20 
Aspartyl/Glutamyl-tRNA Amidotransferase, A Subunit (Dde_1020) 
The protein sequence of Dde_1020 was compared to GatA of Bacillus subtilis (GatA), 
At5g64440 of A. thaliana (At5g64440) and human FAAH (FAAH) using ClustalW. Table A 
shows the primary amino acid sequence homologies across the whole protein. Table B shows 
the shows the primary amino acid sequence homologies across the AS sequence. 
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Dde_1725 (encoding a long chain fatty acid-CoA ligase) were analysed for the 
presence of the DUF3066, rubrerythrin and secretin N Pfam domains predicted 
to be present in S. elongatus PCC7942 aldehyde decarbonylase and for the 
presence of adh short and WAX2 C-terminal domains predicted to be present in 
S. elongatus PCC7942 acyl-acp reductase to determine any genes in D. 
desulfuricans that may be analogous to those involved in cyanobacterial alkane 
biosynthesis. The hypothetical proteins encoded by genes co-expressed with 
Dde_1725 with a Pearson correlation r-value above 0.95 were also assessed 
for any other Pfam, transmembrane or signal peptide domains to give further 
insight into plausible function of these proteins. Hypothetical proteins encoded 
by genes showing differential expression in D. desulfuricans NCIMB 8326 and 
D. desulfuricans NCIMB 8307 were also screened for the Pfam domains in 
cyanobacterial aldehyde decarbonylase and acyl-acp reductase. Hypothetical 
proteins encoded by genes showing a greater than 2.0-fold difference in 
expression levels between the two strains were also assessed for other Pfam, 
transmembrane or signal peptide domains. 
A single gene (Dde_1214) that was co-expressed with Dde_1725              
(r = 0.79) and significantly over-expressed in D. desulfuricans NCIMB 8326      
(+1.28-fold change; P < 0.05) was found among the sequences annotated as 
encoding hypothetical proteins to contain a rubrerythrin Pfam domain (score = 
36.0; P < 0.05).  However, an amino acid sequence alignment of Dde_1214 and 
PCC7942 aldehyde decarbonylase showed only 5 % homology between the 
two proteins (Fig. 4.15). DUF3066, secretin N, adh short and WAX2 C-terminal 
domains were not identified in hypothetical proteins encoded by genes showing 
co-expression with Dde_1725 or genes significantly differentially expressed 
between D. desulfuricans NCIMB 8326 and D. desulfuricans NCIMB 8307. 
Therefore, it does not appear likely that D. desulfuricans catalyzes alkane 
biosynthesis using enzymes similar to those of cyanobacteria. 
Two paralogous genomic regions, Dde_0939 to Dde_0956 and Dde_1866 
to Dde_1882, collectively contained 18 genes encoding hypothetical proteins 
that were over-expressed in D. desulfuricans NCIMB 8326, 11 of which showed 
an increase in expression above 2.0-fold (Fig. 4.16). These domains were 
therefore of interest in screening for potential involvement in hydrocarbon 
synthesis. The amino acid sequences of the proteins encoded by these
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PCC7942_orf1393      MPQLEASLELDFQSESYKDAYSRINAIVIEGEQEAFDNYNRLAEMLPDQ--RDELHKLAK 58 
Dde_1214             -------MADLFKAG---DIVRAAEEIEIRGE----DFYRRLAAASEDEEARRLFHWLME 46 
                            :   *::    *     : * *.**    * *.***    *:  *  :* * : 
 
PCC7942_orf1393      MEQRHMKGFMACGKNLSVTPDMGFAQKFFERLHENFKAAAAEGKVVTCLLIQSLIIECFA 118 
Dde_1214             EEMAHRAIFKAMGERIAPVELPAWAD------------EADYLMYMRSLLDSHALFRPDA 94 
                      *  *   * * *:.:: .   .:*:             *     : .** .  ::.  * 
 
PCC7942_orf1393      IAAYNIYIPVADAFARKITEGVVRDEYLHRNFGEEWLKANFDASKAELEEANRQNLPLVW 178 
Dde_1214             VPAEQLGRETALRIAMQFEKDTMLFFTEMRDFVPEAEGRHIDACIAE----ERKHLKQLM 150 
                     :.* ::   .*  :* :: :..:      *:*  *    ::**. **    :*::*  :  
 
PCC7942_orf1393      LMLNEVADDARELGMERESLVEDFMIAYGEALENIGFTTREIMRMSAYGLAAV 231 
Dde_1214             AMLRK------------------------------------------------ 155 
 
SEQUENCE 1 LENGTH (BP) SEQUENCE 2 LENGTH (BP) IDENTITY 
PCC7942_orf1393 231 Dde_1214 155 5.0 % 
Fig. 4.15  Protein Sequence Analysis of a Desulfovibrio desulfuricans G20 
Predicted Hypothetical Protein (Dde_1214) 
The protein sequence of Dde_1214 was compared to Synechoccus elongatus PCC7942 
aldehyde decarbonylase (PCC7942_orf1393) using ClustalW. An alignment of the primary 
amino acid sequences for the two proteins is shown above. A table showing the primary amino 
acid sequence homology between the proteins is shown below the alignment.  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Fig. 4.16  Genome Region View of Dde_0939 to Dde_0955 and Dde_1867 to 
Dde_1882 in Desulfovibrio desulfuricans G20 
Genes significantly over-expressed in D. desulfuricans NCIMB 8326 are shown with a bold 
outline and their identifiers are labeled above the region view. Genes encoding phage tail 
proteins are shown in green. Genes encoding phage baseplate proteins are shown in dark blue.  
Genes possessing significant Pfam domains associated with phage baseplate proteins are 
shown in light blue.  
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18 genes provided little insight into their potential function. However, a number 
of surrounding genes in these regions encoded proteins that had annotations or 
significant Pfam domains implicating them as phage baseplate/tail assembly 
proteins. This suggests that both of these regions are of prophage origin and 
that the over-expressed genes in these domains also encode phage proteins 
important for phage baseplate or tail assembly. 
The screening of other hypothetical proteins encoded by genes showing 
co-expression with Dde_1725 and those significantly differentially expressed 
above 2.0-fold in the two strains provided little information about their plausible 
function. However, a number of these genes were found to encode hypothetical 
proteins with transmembrane domains and recognised Pfam domains (Fig. 4.17 
& Fig. 4.18) 
4.4. Discussion 
In this investigation, the transcriptomes of D. desulfuricans NCIMB 8326 
and D. desulfuricans NCIMB 8307 were compared using microarrays designed 
for D. desulfuricans G20. Hydrocarbon biosynthesis is unlikely to be an 
essential requirement for the bacterium and consequently the necessary genes 
may suffer from substantial sequence variation in D. desulfuricans NCIMB 8326 
and D. desulfuricans G20. This would ultimately affect hybridisation rates and 
prevent identification of important genes involved in alkane biosynthesis. 
Furthermore, there is the potential that the arrays may not contain probes for 
the genes involved in hydrocarbon biosynthesis in D. desulfuricans NCIMB 
8326. Consequently, the interpretation of the results obtained in this 
investigation pertaining to potential genes involved in alkane biosynthesis 
should be considered with particular care. 
The gene expression of D. desulfuricans NCIMB 8326 and D. 
desulfuricans NCIMB 8307 in late-exponential growth phase cultures was 
greatly different in account that approximately 25 % of all predicted genes 
screened were significantly differentially expressed between the two strains. 
However, of the genes involved in fatty acid biosynthesis or metabolism, only 
that encoding a long chain fatty acid-CoA ligase (Dde_1725) was significantly 
differentially expressed between D. desulfuricans NCIMB 8326 and 
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IDENTIFIER PFAM DOMAINS SIGNAL PEPTIDE 
DOMAINS 
TRANSMEMBRANE 
DOMAINS 
Dde_0823 PEP-CTERM motif Yes Yes 
Dde_0926 - - - 
Dde_2551 - - - 
Dde_3210 - - - 
Dde_3367 Peptidase M15 3 - - 
Fig. 4.17  Protein Domains of Predicted Hypothetical Proteins Encoded by 
Genes Showing Co-Expression with Dde_1725 in Desulfovibrio desulfuricans  
The table above shows Pfam, signal peptide and transmembrane domains of predicted 
hypothetical proteins encoded by genes showing co-expression (Pearson correlation coefficient 
> 0.95) with Dde_1725 (encoding the Long chain fatty acid-CoA ligase) in D. desulfovibrio 
NCIMB 8326 (n = 3) and D. desulfuricans NCIMB 8307 (n = 3).  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IDENTIFIER PFAM DOMAINS SIGNAL PEPTIDE 
DOMAINS 
TRANSMEMBRANE 
DOMAINS 
Dde_0775 - - Yes 
Dde_0914 - - - 
Dde_0940 DUF1353: Domain of unknown function - - 
Dde_0943 PAAR motif - - 
Dde_0949 - - - 
Dde_0950 Localisation of periplasmic protein complexes - Yes 
Dde_0953 - - - 
Dde_0955 - - - 
Dde_1867 - - - 
Dde_1870 - - Yes 
Dde_1872 - - - 
Dde_1878 PAAR motif - - 
Dde_1881 DUF1353: Domain of unknown function - - 
Dde_1929 - - - 
Dde_2319 - - - 
Dde_3444 - - - 
A 
IDENTIFIER PFAM DOMAINS  
SIGNAL PEPTIDE 
DOMAINS 
TRANSMEMBRANE 
DOMAINS 
Dde_0101 - - - 
Dde_0153 DUF364: Domain of unknown function - Yes 
Dde_0599 DUF2606: Domain of unknown function - - 
Dde_0632 - - - 
Dde_0913 - - - 
Dde_1056 - - - 
Dde_2874 - - - 
Dde_2914 - - - 
Dde_3436 - - Yes 
B 
Fig. 4.18  Protein Domains of Predicted Hypothetical Proteins Encoded by 
Genes Significantly Differentially Expressed Above 2.0-fold between D. 
desulfuricans NCIMB 8326 and D. desulfuricans NCIMB 8307 
Table A shows Pfam, signal peptide and transmembrane domains of predicted hypothetical 
proteins encoded by genes significantly over-expressed above 2.0 fold (P > 0.05) in D. 
desulfuricans NCIMB 8326 (n = 3) compared to D. desulfuricans NCIMB 8307 (n = 3). Table B 
shows Pfam, signal peptide and transmembrane domains of predicted hypothetical proteins 
encoded by genes significantly under-expressed below 2.0 fold in D. desulfuricans NCIMB 8326 
(P > 0.05). Only domains considered significant by the relevant software are included. 
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D. desulfuricans NCIMB 8307. This gene was over-expressed in D. 
desulfuricans NCIMB 8326 and is predicted to encode a protein that catalyses 
the formation of fatty acyl-CoA thioesters from free fatty acids based upon its 
annotation. Fatty acid derivatives, and not free fatty acids, are representative of 
the most plausible intermediates in the synthesis of hydrocarbons (Valderrama, 
2004). Moreover, hydrocarbons synthesised via the head-to-head condensation 
pathway in Micrococcus luteus and S. oneidensis are generally accepted to 
derive from fatty acyl-CoA thioesters (Beller et al., 2010; Sukovich et al., 2010a; 
Sukovich et al., 2010b). Therefore, it is plausible that hydrocarbons in D. 
desulfuricans NCIMB 8326 are synthesised from fatty acyl-CoA thioesters and 
that genes involved directly in the synthesis of alkanes in D. desulfuricans might 
be co-expressed with Dde_1725. 
A hypothetical protein encoded by a gene (Dde_1214) that was over-
expressed in D. desulfuricans NCIMB 8326 and predicted to be co-expressed 
with Dde_1725 contained a rubrerythrin Pfam domain also present in the S. 
elongatus aldehyde decarbonylase that catalyses the formation of alkanes from 
aldehydes. Although these two proteins possessed only 5 % homology in their 
primary amino acid, this does not confirm that these proteins have dissimilar 
structures. The presence of key residues has been reported to be more 
important than primary amino acid sequence for determining the geometries of 
globins; similar protein structures were observed for globins possessing 
sequence homologies as low as 16 % (Lesk, 1980). It is therefore plausible, 
albeit very unlikely, that the protein encoded by Dde_1214 and S. elongatus 
aldehyde decarbonylase share analogy. A further 5 genes encoding 
hypothetical proteins were identified that possessed a >95 % similarity in 
expression to Dde_1725, thereby qualifying them as candidate screening 
targets for involvement in hydrocarbon synthesis. One of these genes 
(Dde_0823) was of particular interest because it encoded a protein predicted to 
possess a transmembrane domain. In account that the Dde_1725 E. coli 
homolog, fadD, encodes a membrane-associated protein (Fulda et al., 1994), it 
is possible that the long chain fatty acid-CoA ligase and the Dde_0823 product 
are co-localised in D. desulfuricans. Consequently, the functions of these 
proteins are potentially linked. It has also been predicted that enzymes 
responsible for bacterial hydrocarbon biosynthesis are membrane-associated 
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and that they catalyze the necessary reactions at the lipid-water interface 
(Tornabene, 1981). This further substantiates the potential for involvement of 
Dde_0823 in D. desulfuricans alkane biosynthesis. However, the PEP-CTERM 
motif present in Dde_0823 protein has a phylogeny closely related to EpsH, an 
enzyme involved in a protein export sorting system (Haft et al., 2006). It 
therefore appears more plausible that the Dde_0823 protein is responsible for 
the processing of macromolecules rather than simple organic products. 
A co-expression network analysis showed that the regulation of a number 
of genes involved in fatty acid chain elongation was closely related to the 
expression of Dde_1725 as these genes formed a tight network. Hydrocarbon 
synthesis in D. desulfuricans NCIMB 8326 therefore potentially involves an 
emphasis on driving short-chain fatty acyl-ACP thioesters through chain 
elongation and on to generation of fatty acyl-CoA derivatives. The expression of 
genes involved in fatty acid chain initiation and generation of free fatty acids, 
including a thioesterase and alcohol/aldehyde dehydrogenases formed a 
separate network that contained an abundance of co-expressing partners 
significantly over-expressed in D. desulfuricans NCIMB 8307. The fatty acid and 
metabolic pathways of D. desulfuricans NCIMB 8307 therefore appeared to 
tend towards the formation of free fatty acids from their various different 
substrates. However, these predictions are not congruent with the organic 
product profiles of the bacterial DCM extracts; higher concentrations of free fatty 
acids were observed in extracts of D. desulfuricans NCIMB 8326 than in D. 
desulfuricans NCIMB 8307. There are several possibilities that may explain 
these observations. Considerably different membrane phospholipid 
compositions have been reported for a number of Desulfovibrio species 
(Makula & Finnerty, 1974;  Edlund et al., 1985). It is possible that fatty acyl-ACP 
thioesters were more readily incorporated into membrane phospholipids in D. 
desulfuricans NCIMB 8307, thereby reducing the free fatty acid pool in this 
strain. This could also assist in explaining the large difference in growth rates 
between D. desulfuricans NCIMB 8326 and D. desulfuricans NCIMB 8307. 
However, homologues of the genes involved in E. coli membrane phospholipid 
biosynthesis, plsB, plsC and cdsA, are not identified in the D. desulfuricans G20 
genome and so the array data could not be utilised to corroborate this 
prediction. Alternatively, free fatty acids, or fatty acyl-ACP thioesters, potentially 
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served as substrates for the synthesis of other metabolites in D. desulfuricans 
NCIMB 8307 not observed in D. desulfuricans NCIMB 8326, for instance fatty 
acid amides and aldehydes. 
A screen for ontologies of genes significantly differentially expressed 
between D. desulfuricans NCIMB 8326 and D. desulfuricans NCIMB 8307 
identified a gene encoding aspartyl/glutamyl amidotransferase subunit A 
(Dde_1020) that was potentially important in regulating cellular fatty acid 
concentrations through the hydrolysis of fatty acid amides. This prediction is 
substantiated by correlation of the expression data with the organic product 
profiles of the bacterial DCM extracts. High concentrations of fatty acid amides - 
commonly present as ethanolamides - were detected in D. desulfuricans 
NCIMB 8307 extracts and Dde_1020 was under-expressed in the strain. Fatty 
acid amides were not detected in D. desulfuricans NCIMB 8326 extracts and 
Dde_1020 was over-expressed in the strain. However, the proposal that 
aspartyl/glutamyl amidotransferase subunit A functions in the hydrolysis of fatty 
acid amides represents a novel function for the enzyme and must therefore be 
carefully evaluated. The co-occurrence of genes encoding aspartyl/glutamyl-
tRNA amidotransferase, glutaminyl-tRNA synthetase and asparaginyl-tRNA 
synthetase in bacterial genomes is rare and has only been documented in a 
select number of δ-proteobacteria (Karlin et al., 2006). To date, there has been 
little insight into why these bacteria possess an aspartyl/glutamyl-tRNA 
amidotransferase, which is intriguing considering that aspartyl/glutamyl-tRNA 
amidotransferase is involved in a pathway that generates the relevant 
aminoacyl-tRNAs through a less efficient pathway than that which utilises the 
glutaminyl- and asparaginyl-tRNA synthetases (Curnow et al., 1997).  The 
mechanism utilising the aspartyl/glutamyl-tRNA amidotransferase has been 
proposed to be the more primitive pathway (Curnow et al., 1997). Therefore, it 
is possible that the genes encoding the glutaminyl-tRNA and asparaginyl-tRNA 
synthetases were obtained in the D. desulfuricans genome following those 
involved in the transamidation pathway through horizontal transfer and 
consequently supplanted the function of the aspartyl/glutamyl-tRNA 
amidotransferase. However, the array data showed that the catalytic subunit of 
aspartyl/glutamyl-tRNA amidotransferase was significantly differentially 
expressed between D. desulfuricans NCIMB 8326 and D. desulfuricans NCIMB 
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8307 and therefore implicates that the protein has a functional role in these 
bacteria. It was suggested in a report characterising the aspartyl/glutamyl-tRNA 
amidotransferase in Bacillus subtilis that subunits A and C of the enzyme are 
potentially involved in glutamine cleavage (Curnow et al., 1997). Considering 
that these two subunits are located adjacent to each other in the D. 
desulfuricans G20 genome, and are greatly distanced from the B subunit, this 
represents a plausible alternative function for the enzyme. However, this seems 
unlikely in account that the amidotransferase subunit C was not similarly 
expressed to the A subunit in D. desulfuricans NCIMB 8307 and D. 
desulfuricans NCIMB 8326. Alternative reports considering roles for 
aspartyl/glutamyl-tRNA amidotransferase have given inference that the enzyme 
functions in the hydrolysis of fatty acid amides (Shrestha et al., 2003;  
McPartland, 2004). The functional reclassification of Arabidopsis thaliana 
glutamyl-tRNA amidotransferase subunit A to N-acylethanolamine 
amidohydrolase highlighted the similarities in the phylogenies of these enzymes 
(Shrestha et al., 2003). Furthermore, McPartland (McPartland, 2004) 
acknowledged that a capability for aspartyl/glutamyl-tRNA amidotransferase to 
hydrolyze fatty acid amides would assist in explaining why FAAH-/- mice are still 
capable of degrading anandamide (Cravatt et al., 2001). In consideration of the 
consistencies between the expression data, protein homologies, organic 
product profiles and the literature, the most plausible functional role for 
aspartyl/glutamyl amidotransferase subunit A in D. desulfuricans is for the 
hydrolysis of fatty acid amides. This proposal would further assist in explaining 
the differences in free fatty acid concentrations between D. desulfuricans 
NCIMB 8326 and D. desulfuricans NCIMB 8307. Importantly, this enzyme could 
have an impact upon hydrocarbon synthesis by regulating substrate availability. 
A large percentage of genes that were over-expressed in D. desulfuricans 
NCIMB 8326 above 2.0-fold encoded hypothetical proteins. Many of these 
genes were harboured in two paralogous genomic regions and were predicted 
to be of prophage origin. Prophage genes are important in regulating a variety 
of cellular processes including cell lysis, integration, DNA replication and gene 
expression (Casjens, 2003). The expression of phage genes in Desulfovibrio 
vulgaris was found to increase considerably upon entry into stationary phase 
(Clark et al., 2006). Their expression was therefore most likely important for 
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regulating cell lysis. Taking into account that an abundance of ribosomal 
proteins were significantly down-expressed in D. desulfuricans NCIMB 8326, it 
is possible that the cultures of D. desulfuricans NCIMB 8326 used for 
microarray analysis were closer to entering stationary phase than D. 
desulfuricans NCIMB 8307 when RNA was sampled. In this instance, the two 
paralogous domains are most likely to be responsible for cell lysis rather than 
regulating hydrocarbon synthesis. Little insight was gained for plausible function 
of the remaining significantly differentially genes in D. desulfuricans NCIMB 
8326 and D. desulfuricans NCIMB 8307 that encoded hypothetical proteins. 
However, in account that enzymes responsible for formation of hydrocarbons 
are likely to be membrane-associated, the genes encoding hypothetical proteins 
with predicted transmembrane domains (Dde_0153, Dde_3436, Dde_0775 and 
Dde_1870) represent the more suitable targets to screen for a possible role in 
alkane biosynthesis. 
In respect that the conclusions of this study are based only on 
bioinformatic analysis, there is a necessity for empirical data to substantiate the 
claims herein.  Knock-in and/or knockout cloning of the candidate genes 
presented here for involvement in regulating hydrocarbon biosynthesis could 
provide the necessary evidence for their functional assignment. Furthermore, 
hybridisation of D. desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 
8326 genomic DNA to the VfuDsulfa520724F GeneChips and real-time PCR of 
those genes predicted from this investigation to be of potential importance in 
alkane biosynthesis would be useful to provide validation for the expression 
data. 
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CHAPTER 5  –  DISCUSSION AND CONCLUSIONS 
 
Royal Dutch Shell is currently the largest manufacturer of biofuels globally 
and is intent on maintaining its position as market leader through the 
development of advanced generation and ‘drop-in’ biofuels. This investigation 
was initiated to employ modern analytical and biomolecular techniques as a 
means to provide a rigorous analysis of the potential for two bacterial species, 
Mycobacterium sp. NCIMB 10403 and Desulfovibrio desulfuricans, to produce 
hydrocarbons. An analysis of the Mycobacterium sp. NCIMB 10403 sample 
using microscopy and DNA sequencing techniques found the sample to be 
impure, and that the bacterium present in the sample characterised as a 
Mycobacterium sp. should be reassigned to the Gordonia genus. The use of 
single- and two-dimensional GC-MS proved that cultures inoculated directly 
from the Mycobacterium sp. NCIMB 10403 sample or those of the isolated 
Gordonia sp. do not yield significant quantities of hydrocarbons. GC-MS was 
further employed to give evidence that D. desulfuricans NCIMB 8326 
synthesises n-alkanes and an n-alkene whilst D. desulfuricans NCIMB 8307 
and D. desulfuricans NCIMB 8312 do not produce hydrocarbons when these 
bacteria are cultured in an anaerobic environment comprising 10 % H2, 10 % 
CO2 and 80 % N2. D. desulfuricans microarray data was used to provide insight 
into the possible genetic regulation of alkane production through establishing 
genes showing significantly different expression in D. desulfuricans NCIMB 
8326 and D. desulfuricans NCIMB 8307. Genes encoding a long chain fatty 
acid-CoA ligase and an aspartyl/glutamyl-tRNA amidotransferase were 
considered to be of particular interest. 
The results presented in this thesis differed considerably to those reported 
in the literature. Firstly, this study found no evidence that bacteria present in the 
Mycobacterium sp. NCIMB 10403 sample possessed the potential to synthesise 
alkanes, conflicting with previous findings (Jones, 1969). Furthermore, alkanes 
were not detectable within cellular or extracellular extracts obtained from 
cultures of D. desulfuricans NCIMB 8307 (‘Essex 6’) at levels any higher than 
trace concentrations, which was again inconsistent with several reports (Han & 
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Calvin, 1969;  Bagaeva & Chernova, 1994;  Bagaeva, 2000;  Bagaeva & 
Belyaeva, 2000). Finally, a substantially different alkane composition was 
detected within cellular extracts of D. desulfuricans NCIMB 8326 compared to 
that previously documented (Davis, 1968). Although it has already been 
addressed that an inability to precisely replicate culture conditions may be 
accountable for the failure to yield hydrocarbons in the case of D. desulfuricans 
NCIMB 8307, further possibilities must be considered to explain the 
discrepancies between the results presented here and those in the literature. 
Inconsistencies in the literature pertaining to bacterial hydrocarbon 
synthesis are frequent. Differences in the hydrocarbon composition of 
Micrococcus luteus have been observed, with the bacterium reported to 
synthesise C27-C29 monoenes (Albro & Dittmer, 1969a), C25-C27 monoenes 
(Tornabene et al., 1967;  Tornabene et al., 1970) or a broad range of C15-C25     
n-alkanes (Han & Calvin, 1969). These discrepancies were largely explained by 
the observation that many Micrococcus species were misidentified (Kloos et al., 
1974) and that those strains reported to synthesise alkanes were more 
divergent to one another than originally thought (Albro & Dittmer, 1969a). 
Furthermore, a series of reports documenting the synthesis of appreciable 
quantities of extracellular alkanes by Vibrio furnissii M1 (Park et al., 2001; Park, 
2005;  Park et al., 2005) was contradicted by the findings of Wackett et al. 
(Wackett et al., 2007) who demonstrated an absence of alkanes within cultures 
of V. furnissii M1. Wackett emphasised that the reports documenting alkane 
synthesis by V. furnissii M1 provided insufficient explanation for a number of 
unexpected results and inferred that the original reports of alkane biosynthesis 
in V. furnissii M1 should be discredited. Tornabene presented a number of 
further explanations to account for the inconsistencies in reports of bacterial 
hydrocarbon biosynthesis: cellular extracts containing mixtures consisting of 
hydrocarbons are often uncharacterised or only partially characterised; bacteria 
are frequently analyzed from very different cultivation systems or different 
growth phases; the controls and analytical procedures utilised are often not 
adequate to provide confirmation of alkane biosynthesis (Tornabene, 1981). 
In this study, it was possible to cultivate Gordonia sp. NCIMB 10403 
(originally characterised as Mycobacterium sp. NCIMB 10403) precisely 
according to Jones (Jones, 1969), thereby minimising discrepancies arising 
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from differences in culture conditions. Furthermore, in this investigation alkanes 
were not detected in cellular extracts of Gordonia sp. NCIMB 10403 at 
quantities any higher than trace concentrations and therefore inconsistencies 
regarding differences in the hydrocarbon composition are not applicable. It is 
therefore most probable that the discrepancies are due to an inadequacy of 
suitable controls and analytical procedures in the original study documenting 
hydrocarbons in Mycobacterium sp. NCIMB 10403 (Jones, 1969). Interestingly, 
Tornabene had previously questioned the validity of the findings of Jones and 
indicated that the results required further corroboration (Tornabene, 1981). It is 
noted that the presence of alkanes within bacterial cultures may arise from the 
cultivation of the bacteria within complex, undefined media that potentially 
contains hydrocarbons (Stone & ZoBell, 1952). Therefore, a strong possibility 
exists that the alkanes Jones detected in the cellular extracts of Mycobacterium 
sp. NCIMB 10403 were not biological products but culture contaminants, 
obtained either during analytical procedures or through the assimilation of 
impure media constituents by the bacteria. Moreover, the sensitivity of 
analytical techniques has improved substantially since the 1960’s, and so it is 
possible the results of Jones are inaccurate due to the use of equipment 
insufficient for the accurate determination of low concentrations of 
hydrocarbons. Although, it cannot be confirmed that the alkanes observed by 
Jones in cellular extracts of Gordonia sp. NCIMB 10403 were not of biological 
origin, the data presented here provided considerable evidence to suggest that 
the bacterium does not synthesise hydrocarbons. 
There are several suitable reasons to account for the absence of notable 
concentrations of alkanes in cellular and extracellular organic extracts of D. 
desulfuricans NCIMB 8307 in this study. As mentioned in Section 3.4, it was not 
possible to replicate the atmospheric gaseous composition documented for 
alkane biosynthesis in cultures of D. desulfuricans (Davis, 1968;  Bagaeva, 
2000). This alteration potentially limited the capacity for the bacterium to 
synthesise significant quantities of alkanes. As several independent reports 
exist on the formation of alkanes by D. desulfuricans NCIMB 8307 (Han & 
Calvin, 1969;  Bagaeva & Chernova, 1994;  Bagaeva, 2000;  Bagaeva & 
Belyaeva, 2000) this is the most plausible explanation. However, none of these 
reports presented appropriate negative controls and consequently it is possible 
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that the alkanes detected were derived from extract contaminants. In this 
investigation, both negative controls (GC-MS analyses for DCM extracts of 
grinding agents without cell samples and for media lipid extracts) and positive 
controls (n-alkane standards) were routinely performed to validate the presence 
and identity of hydrocarbons in bacterial cellular and extracellular extracts. 
Clearly, it is necessary to substantiate the documented accounts of alkane 
biosynthesis by D. desulfuricans NCIMB 8307 (Han & Calvin, 1969;  Bagaeva & 
Chernova, 1994;  Bagaeva, 2000;  Bagaeva & Belyaeva, 2000). Notably, it is 
crucial to cultivate the bacteria identically to the original reports to confirm the 
observations documented therein. 
The alkane composition of cellular extracts of D. desulfuricans NCIMB 
8326 was also inconsistent with the literature. Firstly, the total alkane 
concentrations detected in this study were approximately 50-fold lower than 
those previously documented (Davis, 1968). Furthermore, the carbon chain 
length distribution of alkanes in this investigation represented a far narrower 
range. Only a single major C18 alkane and minor C19 and C20 alkanes were 
detected, whereas alkanes were not detected in the range C25-C35 as previously 
reported (Davis, 1968). As the report of Davis gave no evidence that suitable 
negative controls were performed for the analytical procedures, it is again 
feasible that the C25-C35 alkanes were extract contaminants. It is of interest that 
the alkane distribution observed is very similar to that of mineral oil - a fairly 
ubiquitous contaminant that can commonly be detected in foods and drinking 
water (Fig. 5.1) (Jeltes, 1969;  Grob et al., 1991). It is therefore plausible that 
the C25-C35 alkanes detected were obtained through mineral oil contamination 
of the culture or cellular extract in the original study (Davis, 1968). The 
presence of this alkane series would have contributed significantly towards the 
approximately 50-fold higher alkane concentration that was observed in extracts 
of D. desulfuricans NCIMB 8326. Furthermore, the improvements in the 
sensitivity of analytical procedures is also likely to account for the discrepancies 
in total alkane concentrations between this investigation and that of Davis. The 
results presented in this study are therefore a more accurate representation of 
hydrocarbons produced by D. desulfuricans NCIMB 8326. However, it remains 
essential to cultivate D. desulfuricans NCIMB 8326 precisely according to Davis 
(Davis, 1968) to determine whether the environmental gaseous composition 
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Fig. 5.1  Hydrocarbons in a Mineral Oil-Contaminated Water Sample and in 
Desulfovibrio desulfuricans NCIMB 8326 
The lower-left GC-TIC () is for a sample of water contaminated with mineral oil obtained by 
Geibler (Geibler). The upper-right GC-TIC (∗) is for a cellular extract of D. desulfuricans NCIMB 
8326 obtained and analysed by Davis (1969) (Davis, 1968). Comparable hydrocarbons are 
shown in blue.  
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has a substantial impact on the bacterium’s ability to synthesise hydrocarbons. 
Although a range of suitable controls were analyzed in this investigation, 
to further substantiate that alkanes in cultures of D. desulfuricans NCIMB 8326 
are biogenic, it is necessary to demonstrate that the bacterium is capable of 
incorporating carbon from a radioactive- or stable isotope-labeled organic 
carbon source directly into alkanes. Attempts were made to culture D. 
desulfuricans NCIMB 8326 in the presence of 14C-labeled lactate as a means to 
provide corroboration of alkane biosynthesis within the strain. Unfortunately, it 
was not possible to culture the bacterium in sufficiently small volumes to comply 
with radioactivity health and safety regulations while achieving sufficient growth 
for lipid analysis. Furthermore, time constraints prevented further optimisation 
and completion of this experiment. However, it has since been demonstrated 
that alkanes extracted from the cellular mass of D. desulfuricans NCIMB 8326 
cultured in media containing D2O demonstrated significant deuteration (Rob Lee 
(Shell Research Ltd.), personal communication), giving support to the results 
presented in this thesis. 
A microarray comparison of the transcriptomes of D. desulfuricans NCIMB 
8326 and D. desulfuricans NCIMB 8307 was utilised in this study in an attempt 
to identify genes potentially critical in regulating alkane synthesis in D. 
desulfuricans. The data indicated that a long chain fatty acid-CoA ligase and an 
aspartyl/glutamyl-tRNA amidotransferase are potentially involved upstream of 
alkane biosynthesis. Interestingly, immediate downstream effectors of fatty acyl-
CoA synthesis in D. desulfuricans are not obvious in account that the D. 
desulfuricans G20 genome does not possess homologs of the genes 
responsible for β-oxidation (Fig. 4.8). Fatty acid degradation may therefore be 
mediated through a potentially novel, alternative pathway. It is therefore 
possible that alkane biosynthesis may be an important feature for bacteria 
incapable of β-oxidation fatty acid degradation. This hypothesis could assist in 
providing further insight into the potential function of bacterial hydrocarbons.  
The microarray data was also used to identify novel genes that are 
potentially involved directly in D. desulfuricans alkane biosynthesis by analysing 
genes encoding hypothetical proteins. However, it is possible that the array 
data did not provide insight into genes potentially involved in the formation of 
alkanes in D. desulfuricans NCIMB 8326 for several reasons. Firstly, it is 
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possible that the genes involved in alkane biosynthesis were not differentially 
expressed in D. desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 8326. 
Considering that higher levels of fatty acids were detected in extracts of D. 
desulfuricans NCIMB 8326 and that this strain over-expressed a long chain fatty 
acid-CoA ligase, it is conceivable that the relative alkane substrate 
concentrations were solely responsible for determining alkane biosynthesis 
within the two strains. In light of this, it would be useful to supply cultures of both 
D. desulfuricans NCIMB 8307 and D. desulfuricans NCIMB 8326 with varying 
concentrations of fatty acids, consisting of various carbon chain lengths, and 
determine whether this affects the hydrocarbon profile of these bacteria. It is 
also possible that the D. desulfuricans G20 genome does not possess the 
genes necessary for alkane biosynthesis. Given the inconsistent reports of 
alkane synthesis by bacteria and the sparse reports of hydrocarbon formation 
by D. desulfuricans G20, this is another explanation that must also be 
considered. In this instance, comparative genomics is a more appropriate 
bioinformatics approach than a transcriptomic analysis for determining genes 
responsible for alkane biosynthesis in D. desulfuricans. In account of this 
possibility, Shell Research Ltd. is currently sequencing the D. desulfuricans 
NCIMB 8326 genome. However, it remains to be clarified whether or not D. 
desulfuricans G20 possesses the capacity to synthesise alkanes. This 
verification would assist in determining whether the transcriptomic data or the 
genomic sequencing data would be most appropriate for determining genes 
involved in alkane formation. 
The results presented in this thesis indicate that questions remain 
regarding the accuracy and reliability of the older literature pertaining to 
bacterial hydrocarbon production. Consequently, many reports of hydrocarbon 
biosynthesis must be independently replicated to confirm their validity. The 
results presented in this investigation demonstrate that analysis of alkanes per 
se is insufficient to confirm bacterial hydrocarbon biosynthesis due to the 
prevalence of mineral oil and other hydrocarbon contaminants in the 
environment. It is therefore recommended that use of stable or radioactive 
tracers and probes should be used to confirm the biogenesis of any alkanes 
observed in bacterial cultures, especially with alkanes that are present at low 
concentrations. 
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Although this study confirmed the presence of alkanes in cultures of D. 
desulfuricans NCIMB 8326, there remain many substantial obstacles to 
overcome in using this bacterium as an economically viable biocatalyst for the 
industrial manufacture of ‘drop-in’ biofuels; extremely low concentrations of 
alkanes produced, as yet undefined molecular pathways to alkane biosynthesis, 
and the highly specific culture conditions required are but a few of the 
constraints that require further evaluation. 
In light of my results, Shell Research Ltd. have adopted a more systematic 
approach for reappraisal of microbial hydrocarbon production in 20th century 
literature and the methods optimised and used here have been adopted by 
Shell as standard practice in the Biodomain research group.  
CHAPTER 6 –  APPENDICES 
  184 
CHAPTER 6  –   APPENDICES 
 
1. Albro PW & Dittmer JC (1969a). 
2. Albro PW & Dittmer JC (1969b).  
3. Albro PW  & Dittmer JC (1969c). 
4. Albro PW & Dittmer JC (1969d).  
5. Albro PW & Huston CK (1964). 
6. Bagaeva TV (2000).  
7. Bagaeva TV (1997).  
8. Bagaeva TV & Belyaeva MI (2000).  
9. Bagaeva TV & Chernova TG (1994).  
10. Davis JB (1968).  
11. Gianotti A, Serrazanetti D, Sado Kamdem S & Guerzoni ME (2008) 
12. Han J & Calvin M (1969).  
13. Jones JG (1969).  
14. Nikolaev YA, Panikov NS, Lukin SM, & Osipov GA (2001).  
15. Oro J, Tornabene TG, Nooner DW, & Gelpi E (1967). 
16. Park MO (2005).  
17. Park MO, Heguri K, Hirata K & Miyamoto K (2005). 
18. Park MO, Tanabe M, Hirata K & Miyamoto K (2001). 
19. Stone WR & ZoBell CE (1952). 
20. Sukovich DJ, Seffernick JL, Richman JE, Hunt KA, Gralnick JA & 
Wackett LP (2010a). 
21. Sukovich DJ, Seffernick JL, Richman JE, Gralnick JA & Wackett LP 
(2010b). 
22. Tornabene TG, Gelpi E & Oro J (1967). 
23. Tornabene TG, Morrison SJ & Kloos WE (1970). 
Appendix 1.1  Reference list for Fig. 1.1 
The reference list above is for the table of aliphatic hydrocarbons in non-photosynthetic bacteria 
in Fig. 1.1. Full references are shown in the bibliography. 
CHAPTER 6 –  APPENDICES 
  185 
TSB 
INGREDIENT CONCENTRATION  
Tryptone 17  g l-1 
NaCl 5  g l-1 
Soytone 2.5  g l-1 
Glucose 2.5  g l-1 
K2HPO4 2.5  g l-1  
LB 
INGREDIENT CONCENTRATION (g l-1) 
Tryptone 10  g l-1 
NaCl 10  g l-1 
Oxoid yeast extract 5  g l-1  
BSM- 
INGREDIENT CONCENTRATION 
Na succinate 10  g l-1 
(NH4)2SO4 2  g l-1 
K2HPO4 1.5  g l-1 
Oxoid yeast extract 1  g l-1 
KH2PO4 0.5  g l-1 
MgSO4.7H2O 0.2  g l-1 
NaCl 0.1  g l-1 
FeCl3 0.01  g l-1 
Appendix 2.1  Ingredients for TS, LB and BSM- Media 
Media used for agar plate cultures contained 15 g l-1 Agar no. 2 (Oxoid).  All media were 
adjusted to pH 7.2 – 7.4 prior to autoclaving. 
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REX 
INGREDIENT CONCENTRATION 
Na succinate 10  g l-1 
(NH4)2SO4 2  g l-1 
K2HPO4 1.5  g l-1 
Oxoid yeast extract 1  g l-1 
KH2PO4 0.5  g l-1 
MgSO4.7H2O 0.2  g l-1 
NaCl 0.1  g l-1 
FeCl3 0.01  g l-1 
TRACE ELEMENT SOLUTION  
FeSO4.7H2O 10  mg l-1 
H3BO3 2.8  mg l-1 
MnSO4.H2O 2.1  mg l-1 
EDTA.Na2.2H2O 2  mg l-1 
CaCl2.2H2O 750  µg l-1 
Na2MoO4.2H2O 750  µg l-1 
ZnSO4.7H2O 240  µg l-1 
Cu(NO3)2.2H2O 40  µg l-1 
CoCl 25  µg l-1 
Na2SeO3 25  µg l-1 
p-aminobenzoic acid 25  µg l-1 
Biotin 25  µg l-1 
Nicotin 25  µg l-1 
Thiamine-HCl 25  µg l-1  
RAC 
INGREDIENT CONCENTRATION 
Na succinate 10  g l-1 
Oxoid yeast extract 1  g l-1 
MgSO4.7H2O 0.2  g l-1 
NaCl 0.1  g l-1 
K2HPO4 0.065  g l-1 
NH4Cl 0.05  g l-1 
FeCl3 0.01  g l-1 
Appendix 2.2  Ingredients for REX and RAC Media 
Media used for agar plate cultures contained 15 g l-1 Agar no. 2 (Oxoid).  All media were 
adjusted to pH 7.2 – 7.4 prior to autoclaving. The trace element solution was prepared as a 
1000x concentrated stock and was filter-sterilised using a 0.2 µm filter. It was added to the 
relevant media subsequent to autoclaving. 
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Appendix 2.3  Growth of Mycobacterium sp. NCIMB 10403 in RAC medium 
Points represent the mean OD600nm of 5 independent replicates with standard error bars shown.  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Appendix 2.4  Growth of Bacillus sp. NCIMB 10403 
Bacillus sp. NCIMB 10403 was cultured in: TS medium (A); BSM- (B); REX medium (C) and 
RAC medium (D). Points represent the mean OD600nm of 5 independent replicates with standard 
error bars shown. 
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Appendix 2.5  Growth of Gordonia paraffinivorans 
Gordonia paraffinivorans HD321 was cultured in: TS medium (A); BSM- (B); REX medium (C) 
and RAC medium (D). Points represent the mean OD600nm of 5 independent replicates with 
standard error bars shown. 
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Appendix 2.6  Growth of Gordonia terrae  
Gordonia terrae DSM 43342 was cultured in: TS medium (A); BSM- (B); REX medium (C) and 
RAC medium (D). Points represent the mean OD600nm of 5 independent replicates with standard 
error bars shown. 
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PMB 
INGREDIENT CONCENTRATION 
Sodium lactate (60%) 6  ml l-1 
MgSO4.7H2O 2  g l-1 
NH4Cl 1  g l-1 
CaSO4 1  g l-1 
Oxoid yeast extract 1  g l-1 
FeSO4.7H2O 0.5  g l-1 
KH2PO 0.5  g l-1 
Ascorbic acid 0.1  g l-1 
Thioglycolic acid 0.1  g l-1  
PMC 
INGREDIENT CONCENTRATION (g l-1) 
Sodium lactate (60%) 10  ml l-1 
Na2SO4 4.5  g l-1 
NH4Cl 1  g l-1 
Oxoid yeast extract 1  g l-1 
KH2PO4 0.5  g l-1 
Sodium citrate 0.3  g l-1 
MgSO4.7H2O 0.06  g l-1 
CaCl2.6H2O 0.06  g l-1 
FeSO4.7H2O 0.5  g l-1 
Ascorbic acid 0.1  g l-1 
Thioglycolic acid 0.1  g l-1 
Appendix 3.1  Ingredients for PMB and PMC Media 
All media were degassed with N2 for 20 min and adjusted to pH 7.2 - 7.4 using 5 M NaOH prior 
to autoclaving.  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MPD 
INGREDIENT CONCENTRATION (g l-1) 
Calcium lactate 3.5  g l-1 
MgCl.7H2O 1.6  g l-1 
NH4Cl 1  g l-1 
Oxoid yeast extract 1  g l-1 
FeSO4.7H2O 0.5  g l-1 
Sodium lactate (60%) 6  ml l-1 
MgSO4.7H2O 2  g l-1 
NH4Cl 1  g l-1 
CaSO4 1  g l-1 
Oxoid yeast extract 1  g l-1 
KH2PO4 0.5  g l-1 
CaCl2.2H2O 0.1  g l-1 
REDOX-POISING SOLUTION  
Na2S 500  µg l-1 
NaHCO3 500  µg l-1  
MSM 
INGREDIENT CONCENTRATION 
Sodium lactate (60%) 4.5  ml l-1 
Na2SO4 3.55  g l-1 
NH4Cl 0.54  g l-1 
KH2PO4 0.34  g l-1 
MgSO4.7H2O 0.06  g l-1 
CaCl2 0.055  g l-1 
FeSO4.7H2O 0.007  g l-1 
TRACE ELEMENT SOLUTION  
H3BO3 285  µg l-1 
ZnSO4.7H2O 220  µg l-1 
MnSO4.H2O 200  µg l-1 
CuSO4 125  µg l-1 
Na2MoO4.2H2O Thioglycolic acid 105  µg l-1 
REDOX-POISING SOLUTION  
Na2S 78  mg l-1 
Appendix 3.2  Ingredients for MPD and MSM Media 
All media were degassed with N2 for 20 min and adjusted to pH 7.2 - 7.4 using 5 M NaOH prior 
to autoclaving. All redox-poising and trace element solutions were prepared as 1000x 
concentrated stocks and were filter-sterilised using a 0.2 µm filter. They were added to the 
relevant media subsequent to autoclaving. 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IDENTITY RETENTION TIME (MIN) 
Undecane (C11) 6.50 
Dodecane (C12) 8.03 
Tetradecane (C14) 10.77 
Pentadecane (C15) 12.00 
Hexadecane (C16) 13.17 
Heptadecane (C17) 14.27 
Octadecane (C18) 15.32 
Eicosane (C20) 17.29 
Tetracosane (C24) 20.76 
Octacosane (C28) 23.73 
Dotriacontane (C32) 26.33 
Hexatriacontane (C36) 28.65 
Appendix 3.3  Alkane Profile of an n-alkane Standard 
A GC-TIC of the n-alkane standard is shown above. A summary of alkanes detected in the 
standard is shown in the table below the GC-TIC. 
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IDENTITY RETENTION 
TIME (MIN) SI SCORE 
Vinyl ethyl carbitol 6.27 692 
Lactic acid, 2-((trimethylsilyl)oxy)-, trimethylsilyl ester 8.41 679 
Lactic acid, 3-((trimethylsilyl)oxy)-, ethyl ester 10.61 621 
Lactic acid, 3-((trimethylsilyl)oxy)-, ethyl ester 10.69 622 
Lactic acid dimer, bis(trimethylsilyl)- 12.78 845 
Phenol, 2,4,-bis(1,1-dimethylethyl) 14.05 886 
L-Proline, 5-oxo-1-(trimethylsilyl)-, trimethylsilyl ester 14.21 897 
2,4,6-Tri-t-butylbenzenethiol 14.62 746 
Benzenepropanoic acid, a-((trimethylsilyl)oxy)-, trimethylsilyl ester 15.07 883 
Pyrrolo (1,2-a)pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)- 18.01 785 
Fatty acid, long chain trimethylsilyl ester (C16) 19.87 867 
Fatty acid, long chain trimethylsilyl ester (C17) 
(Internal standard) 20.84 843 
Tungsten, dicarbonyl-bis(u-4-R(+)-pulegone) 27.88 464 
Appendix 3.4  Organic Products in a Lipid Extract of MPD 
An organic extract was obtained from MPD and analysed using GC-MS. A GC-TIC of the 
extract is shown above. A summary of identified products in the extract is shown in the table 
below the GC-TIC. 
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SAMPLE CONCENTRATION (ng µl-1) 260nm/230nm 260nm/280nm 
D. desulfuricans NCIMB 8307 I 959.0 2.09 2.39 
D. desulfuricans NCIMB 8307 II 805.9 2.10 2.41 
D. desulfuricans NCIMB 8307 III 866.1 2.10 2.37 
D. desulfuricans NCIMB 8326 I 651.0 2.08 2.18 
D. desulfuricans NCIMB 8326 II 569.0 2.08 2.25 
D. desulfuricans NCIMB 8326 III 402.0 2.04 2.13 
Appendix 4.1  Total Quantities of RNA in Cultures of D. desulfuricans NCIMB 
8307 and D. desulfuricans NCIMB 8326 
RNA was sampled from D. desulfuricans NCIMB 8307 (n = 3) and D. desulfuricans NCIMB 
8326 (n = 3) cultured in PMC to the late-exponential growth phase and quantitated using a 
Nanodrop 1000 spectrophotometer.  
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Appendix 4.2  Analysis of RNA from cultures of D. desulfuricans NCIMB 8307 
and D. desulfuricans NCIMB 8326 
RNA sampled from D. desulfuricans NCIMB 8307 (n = 3) and D. desulfuricans NCIMB 8326     
(n = 3) cultured in PMC to the late-exponential growth phase and its integrity analysed using an 
Agilent 2100 Bioanalyser. Peaks corresponding to 16s rRNA and 23s rRNA are shown. 
Sampled RNA was analysed for cultures:  D. desulfuricans NCIMB 8307 I (A); D. desulfuricans 
NCIMB 8307 II (B); D. desulfuricans NCIMB 8307 III (C); D. desulfuricans NCIMB 8326 I (D); D. 
desulfuricans NCIMB 8326 II (E); D. desulfuricans NCIMB 8326 III (F). 
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IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Alkane, long-chain (C18) 17.50 859 222 
Alkane, long-chain (C19) 18.15 838 23.9 
Alkane, long-chain (C20) 19.47 826 110 
Appendix 4.3  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract 
obtained from culture replicate I is shown above. A summary of products identified in the Ag-ion 
column hexane fraction is shown in the table below the GC-TIC. All concentrations were 
calculated by comparison to a series of n-heptadecane external standards. Alkane chain 
lengths were determined by comparison to an n-alkane standard (Appendix 4.19). 
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IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Fatty acid, long-chain trimethylsilyl ester (C14) 17.95 877 83.0 
Fatty acid, long-chain trimethylsilyl ester (C15) 18.62 741 759 
Fatty acid, long-chain trimethylsilyl ester (C15) 18.69 718 373 
Alkene, long-chain (C20) 19.19 872 169 
Fatty acid, long-chain trimethylsilyl ester (C16) 19.87 867 59.4 
Fatty acid, long-chain trimethylsilyl ester (C18) 21.63 827 150 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long-chain 356 0.0356 
Fatty acids, long-chain 1590 0.159 
Alkenes, long-chain 169 0.0169 
Appendix 4.4  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract obtained from culture replicate I is shown above. A summary of products 
identified in the Ag-ion column hexane:acetone (9:1, v/v) fraction after derivitisation is shown in 
the table immediately below the GC-TIC. Concentrations were calculated by comparison to a 
series of n-heptadecanoic external standards. Fatty acid and alkene chain lengths were 
determined from their mass spectra. A summary of organic products in the extract (including 
identified products in all fractions) is shown in the bottom table. 
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IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Alkane, long-chain (C18) 17.48 831 111 
Alkane, long-chain (C19) 18.21 799 4.94 
Alkane, long-chain (C20) 19.46 822 40.8 
Appendix 4.5  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract 
obtained from culture replicate II is shown above. A summary of products identified in the Ag-ion 
column hexane fraction is shown in the table below the GC-TIC. All concentrations were 
calculated by comparison to a series of n-heptadecane external standards. Alkane chain 
lengths were determined by comparison to an n-alkane standard (Appendix 4.19). 
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IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Fatty acid, long-chain trimethylsilyl ester (C15) 18.58 723 949 
Fatty acid, long-chain trimethylsilyl ester (C15) 18.66 703 650 
Alkene, long-chain (C20) 19.19 838 105 
Fatty acid, long-chain trimethylsilyl ester (C16) 19.87 855 104 
Fatty acid, long-chain trimethylsilyl ester (C18) 21.63 863 77 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long-chain 157 0.0157 
Fatty acids, long-chain 1780 0.178 
Alkenes, long-chain 105 0.0105 
Appendix 4.6  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract obtained from culture replicate II is shown above. A summary of products 
identified in the Ag-ion column hexane:acetone (9:1, v/v) fraction after derivitisation is shown in 
the table immediately below the GC-TIC. Concentrations were calculated by comparison to a 
series of n-heptadecanoic external standards. Fatty acid and alkene chain lengths were 
determined from their mass spectra. A summary of organic products in the extract (including 
identified products in all fractions) is shown in the bottom table. 
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IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Alkane, long-chain (C18) 17.49 821 114 
Alkane, long-chain (C19) 18.15 802 26.3 
Alkane, long-chain (C20) 19.48 828 76.9 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Alkanes, long-chain 217 0.0217 
Fatty acids, long-chain N/A N/A 
Alkenes, long-chain N/A N/A 
Appendix 4.7  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract 
obtained from culture replicate III is shown above. A summary of products identified in the Ag-
ion column hexane fraction is shown the table immediately below the GC-TIC. All 
concentrations were calculated by comparison to a series of n-heptadecane external standards. 
Alkane chain lengths were determined by comparison to an n-alkane standard (Appendix 
4.19). A summary of organic products in the extract (including identified products in all fractions) 
is shown in the bottom table. 
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Appendix 4.8  Organic Products in Desulfovibrio desulfuricans NCIMB 8326 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8326 cells in 
late-exponential growth phase. A GCxGC-TIC of the extract obtained from culture replicate III is 
shown above. 
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IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Diethyl phthalate 14.38 922 44.4 
Fatty acid ethanolamide, long-chain 18.83 763 48.6 
Fatty acid ethanolamide, long-chain 19.90 870 182 
Fatty acid ethanolamide, long-chain 20.13 857 196 
Fatty acid ethanolamide, long-chain 20.46 703 148 
Fatty acid ethanolamide, long-chain 20.71 626 24.3 
2,2'-Ethylidienebis(4,6-di-tert-butylephenol) 22.90 818 14.9 
C17H37BO6Si2 23.13 582 48.2 
Fatty acid butylamide, long-chain 23.67 834 35.2 
C27H52O4Si2 23.98 630 35.2 
C31H54O3 24.15 552 165 
C20H32O 24.42 613 15.6 
Fatty acid amide, long-chain 25.15 622 22.2 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 31.77 767 104 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 32.74 767 133 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 33.28 762 79.2 
Appendix 4.9  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract 
obtained from culture replicate I is shown above. A summary of products identified in the Ag-ion 
column hexane fraction is shown in the table below the GC-TIC. All concentrations were 
calculated using the response of a 10 µg ml-1 D8-naphthalene external standard. 
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IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Trifluoromethyl-bis-(trimethylsilyl)methyl ketone 6.23 769 171 
1,2-Bis(trimethylsiloxy)ethane 6.62 867 37.4 
9,9-Dimethyl-9-silafluorene 7.50 753 181 
Lactic acid, 2-((trimethylsilyl)oxy)-, trimethylsilyl ester 7.77 923 82.3 
Silanol, trimethyl-,phosphate 10.87 910 1270 
Fatty acid, long-chain trimethylsilyl ester (C15) 18.17 661 40.7 
Fatty acid amide, unsaturated long-chain 18.58 589 28.0 
Fatty acid, long-chain trimethylsilyl ester (C16) 19.46 894 406 
Appendix 4.10  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the extract obtained from culture replicate I 
analysed after derivitisation is shown above. A summary of products identified in the derivitised 
extract is shown in the table below the GC-TIC. Fatty acid concentrations were calculated by 
comparison to a series of n-heptadecanoic external standards. All other concentrations were 
calculated using the response of a 10 µg ml-1 D8-naphthalene external standard. 
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IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Aldehyde, long-chain 15.96 668 4.59 
Aldehyde, long-chain monounsaturated (C16) 17.20 702 2.86 
Aldehyde, long-chain 17.45 810 12.0 
Aldehyde, long-chain monounsaturated (C17) 17.83 813 5.67 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Fatty acids, long-chain 447 0.0447 
Ethanolamides, long-chain 599 0.0599 
Amides, long-chain 57.4 0.00574 
Aldehydes, long-chain 20.5 0.00205 
Fatty acid ethanediyl esters 316 0.0316 
Appendix 4.11  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract obtained from culture replicate I is shown above. A summary of products 
identified in the Ag-ion column hexane:acetone (9:1, v/v) fraction is shown in the table 
immediately below the GC-TIC. All concentrations were calculated using the response of a 10 
µg ml-1 D8-naphthalene external standard. Aldehyde chain lengths were determined from their 
mass spectra. A summary of organic products in the extract (including identified products in all 
fractions) is shown in the bottom table.  
 
CHAPTER 6 –  APPENDICES 
  206 
 
 
IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Diethyl phthalate 14.39 875 19.5 
Fatty acid ethanolamide, long-chain 18.83 848 40.9 
Fatty acid ethanolamide, long-chain 19.90 798 118 
Fatty acid ethanolamide, long-chain 20.13 862 115 
Fatty acid ethanolamide, long-chain 20.45 798 93.4 
Fatty acid ethanolamide, long-chain 20.71 696 14.3 
C17H37BO6Si2 23.13 596 30.8 
Fatty acid butylamide, long-chain 23.68 815 295 
Fatty acid di-ethylamide, long-chain 23.93 717 132 
C31H54O3 24.15 555 111 
C30H52O2 24.42 628 10.0 
C16H23NO5 25.10 520 12.2 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 31.76 754 48.8 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 32.74 768 64.1 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 33.28 762 39.0 
Appendix 4.12  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract 
obtained from culture replicate II is shown above. A summary of products identified in the Ag-ion 
column hexane fraction is shown in the table below the GC-TIC. All concentrations were 
calculated using the response of a 10 µg ml-1 D8-naphthalene external standard. 
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IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Trifluoromethyl-bis-(trimethylsilyl) methyl ketone 6.14 862 109 
9,9-Dimethyl-9-silafluorene 7.52 736 48.6 
C17H40N2O5Si3 7.69 558 21.7 
Lactic acid, 2-((trimethylsilyl)oxy)-, trimethylsilyl ester 7.79 902 25.1 
Silanol, trimethyl-, phosphate 10.90 913 644 
Glycerol, trimethyl silyl ester of 11.10 874 38.2 
Fatty acid, long-chain trimethylsilyl ester (C16) 19.47 895 63.6 
Fatty acid butylamide, long-chain 23.67 817 240 
Fatty acid di-ethylamide, long-chain 23.92 684 114 
Appendix 4.13  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the extract obtained from culture replicate II 
analysed after derivitisation is shown above. A summary of products identified in the derivitised 
extract is shown in the table below the GC-TIC.  Fatty acid concentrations were calculated by 
comparison to a series of n-heptadecanoic external standards. All other concentrations were 
calculated using the response of a 10 µg ml-1 D8-naphthalene external standard. 
 
CHAPTER 6 –  APPENDICES 
  208 
 
 
IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Aldehyde, long-chain 15.97 731 7.96 
Aldehyde, long-chain monounsaturated (C16) 17.21 702 4.36 
Aldehyde, long-chain  17.45 876 20.6 
Aldehyde, long-chain monounsaturated (C17) 17.84 813 11.8 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Fatty acids, long-chain 63.6 0.00636 
Ethanolamides, long-chain 382 0.0382 
Amides, long-chain 427 0.0427 
Aldehydes, long-chain 44.4 0.00444 
Fatty acid ethanediyl esters 152 0.0152 
Appendix 4.14  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC 
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract obtained from culture replicate II is shown above. A summary of products 
identified in the Ag-ion column hexane:acetone (9:1, v/v) fraction is shown in the table 
immediately below the GC-TIC. All concentrations were calculated using the response of a 10 
µg ml-1 D8-naphthalene external standard. Aldehyde chain lengths were determined from their 
mass spectra. A summary of organic products in the extract (including identified products in all 
fractions) is shown in the bottom table.  
 
CHAPTER 6 –  APPENDICES 
  209 
 
 
IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Lethionine 14.49 615 19.0 
Fatty acid ethanolamide, long-chain 18.82 865 116 
Fatty acid ethanolamide, long-chain 19.90 798 148 
Fatty acid ethanolamide, long-chain 20.13 867 170 
Fatty acid ethanolamide, long-chain 20.45 796 119 
Fatty acid ethanolamide, long-chain 20.71 785 10.7 
2-Pyrrolidinone, 1-(9-octadecenyl)- 21.71 584 7.00 
Fatty acid ethanolamide, long-chain 21.91 862 15.9 
C17H37BO6Si2 23.12 592 45.5 
C20H32O 23.98 611 24.6 
C31H54O3 24.15 520 168 
C30H52O2 24.42 613 16.6 
C16H23NO5 25.09 528 20.4 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 31.75 677 36.7 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 32.75 722 65.5 
Fatty acid, 1- (hydroxymethyl)-1,2-ethanediyl ester 33.30 693 33.1 
Appendix 4.15  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane fraction of the extract 
obtained from culture replicate III is shown above. A summary of products identified in the Ag-
ion column hexane fraction is shown in the table below the GC-TIC. All concentrations were 
calculated using the response of a 10 µg ml-1 D8-naphthalene external standard. 
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Appendix 4.16  Mass Spectra of Ethanolamides in Desulfovibrio desulfuricans 
NCIMB 8307 Cultured in PMC  
The mass spectra of the long chain fatty acid ethanolamides identified in the Ag-ion column 
hexane fraction GC-TIC for the DCM extract obtained from culture replicate III (Appendix 4.15) 
is displayed.  
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IDENTITY RETENTION 
TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Trifluoromethyl-bis-(trimethylsilyl)methyl ketone 6.15 847 114 
1-trimethylsiloxy-2-trimethylsilyl-aminoethane - 
aminoethanol 7.35 828 12.4 
9,9-Dimethyl-9-silafluorene 7.53 736 38.1 
C17H40N2O5Si3 7.70 543 17.0 
Lactic acid, 2-((trimethylsilyl)oxy)-, trimethylsilyl 
ester 7.80 927 22.9 
Silanol, trimethyl-,phosphate 10.91 908 778 
C12H34NO3PSi3 12.85 625 16.4 
C9H22NO4PSi2 14.65 658 49.0 
Fatty acid, long-chain trimethylsilyl ester (C14) 17.55 862 12.2 
Fatty acid, long-chain trimethylsilyl ester (C15) 18.18 707 23.7 
Fatty acid, monounsaturated long-chain 
trimethylsilyl ester (C15) 
19.24 899 43.1 
Fatty acid, long-chain trimethylsilyl ester (C16) 19.49 902 377 
Fatty acid, monounsaturated long-chain 
trimethylsilyl ester (C18) 
19.79 674 43.7 
Fatty acid ethanolamide, long-chain 20.14 841 22.1 
Appendix 4.17  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the extract obtained from culture replicate III 
analysed after derivitisation is shown above. A summary of products identified in the derivitised 
extract is shown in the table below the GC-TIC.  Fatty acid concentrations were calculated by 
comparison to a series of n-heptadecanoic external standards. All other concentrations were 
calculated using the response of a 10 µg ml-1 D8-naphthalene external standard. 
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IDENTITY RETENTION TIME (MIN) SCORE 
CONCENTRATION 
(µg g-1 CDM) 
Aldehyde, long-chain 15.96 756 7.17 
Aldehyde, long-chain monounsaturated 
(C16) 
17.20 691 3.79 
Aldehyde, long-chain 17.45 881 18.4 
Aldehyde, long-chain monounsaturated 
(C17) 
17.85 808 10.8 
 
 
IDENTITY CONCENTRATION (µg g-1 CDM) 
CONCENTRATION 
(% OF CDM) 
Fatty acids, long-chain 500 0.0500 
Ethanolamides, long-chain 580 0.0580 
Aldehydes, long-chain 40.2 0.0042 
Fatty acid ethanediyl esters 135 0.0135 
Appendix 4.18  Organic Products in Desulfovibrio desulfuricans NCIMB 8307 
Cultured in PMC  
Organic compounds were extracted in DCM from dried D. desulfuricans NCIMB 8307 cells in 
late-exponential growth phase. A GC-TIC of the Ag-ion column hexane:acetone (9:1, v/v) 
fraction of the extract obtained from culture replicate III is shown above. A summary of products 
identified in the Ag-ion column hexane:acetone (9:1, v/v) fraction is shown in the table 
immediately below the GC-TIC. All concentrations were calculated using the response of a 10 
µg ml-1 D8-naphthalene external standard. Aldehyde chain lengths were determined from their 
mass spectra. A summary of organic products in the extract (including identified products in all 
fractions) is shown in the bottom table.  
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IDENTITY RETENTION TIME (MIN) 
Decane (C10) 7.20 
Undecane (C11) 8.70 
Dodecane (C12) 10.18 
Tetradecane (C14) 12.89 
Pentadecane (C15) 14.14 
Hexadecane (C16) 15.32 
Heptadecane (C17) 16.43 
Octadecane (C18) 17.50 
Eicosane (C20) 19.49 
Tetracosane (C24) 22.97 
Octacosane (C28) 25.95 
Dotriacontane (C32) 28.57 
Appendix 4.19  Alkane Profile of an n-alkane Standard 
A GC-TIC of the n-alkane standard is shown above. A summary of alkanes detected in the 
standard is shown in the table below the GC-TIC. 
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IDENTIFIER ANNOTATION FOLD INCREASE P-VALUE 
Dde_0068 DNA replication and repair protein RecR 1.86 7.61E-3 
Dde_0398 Acetolactate synthase catalytic subunit 1.61 9.64E-4 
Dde_0423 N-acetylneuraminate synthase 1.62 9.00E-3 
Dde_0517 Histone-like DNA-binding protein 1.64 4.00E-2 
Dde_0652 Hypothetical protein 1.81 4.43E-4 
Dde_0736 Phosphoglycerate mutase (GpmB protein)-like 1.70 1.44E-3 
Dde_0779 DEAD/DEAH box helicase-like 1.58 2.46E-3 
Dde_0912 Integrase/recombinase 1.99 4.35E-2 
Dde_1047 Cell division protein FtsZ 1.53 1.56E-3 
Dde_1440 Pyrroline-5-carboxylate reductase 1.96 4.57E-3 
Dde_1476 ATPase 1.52 7.79E-4 
Dde_1639 2-oxoglutarate ferredoxin oxidoreductase subunit alpha 1.67 5.52E
-3 
Dde_1932 LexA repressor 1.62 2.50E-2 
Dde_2012 Putative acetyl hydrolace 1.52 1.03E-3 
Dde_2028 Adenylate kinase 1.68 2.91E-2 
Dde_2086 Putative glutamate synthase subunit beta 1.61 5.77E-3 
Dde_2096 Excinuclease ABC subunit B 1.83 2.11E-2 
Dde_2106 CheA signal transduction histidine kinase 1.70 4.54E-2 
Dde_2141 Lipase, GDSL family 1.55 1.97E-2 
Dde_2284 Asparaginase 1.57 4.96E-2 
Dde_2691 50S ribosomal protein L27 1.68 4.02E-2 
Dde_2974 UmuD protein, serine peptidase 1.82 5.97E-3 
Dde_2989 Elongation factor Tu 1.58 2.06E-2 
Dde_3004 Phosphoglycerate mutase 1.83 1.40E-2 
Dde_3012 Orotate phosphoribosyltransferase 1.52 4.19E-2 
Dde_3412 Small HspC2 heat shock protein 1.75 3.94E-2 
Dde_3413 ATPase 1.95 2.08E-2 
Dde_3416 Thioredoxin 1.64 2.73E-2 
Dde_3459  Phosphoribosylaminoimidazole carboxylase, catalytic subunit 1.68 4.46E-2 
Dde_3486 3-phosphoshikimate 1-carboxyvinyltransferase 1.64 2.73E-2 
Dde_3567 Phosphoribosyl-AMP cyclohydrolase 1.55 1.11E-2 
Dde_3686 NAD-dependent epimerase/dehydratase family protein 1.50 3.73E
-2 
Appendix 4.20  Summary of Genes Showing Over-Expression in Desulfovibrio 
desulfuricans NCIMB 8326  
The mean expression of predicted genes in the D. desulfuricans G20 genome in D. 
desulfovibrio NCIMB 8326 (n = 3) and D. desulfuricans NCIMB 8307 (n = 3) cultured in PMC to 
late-exponential growth phase were compared using a 1.5-2.0-fold difference in expression and 
a 95% confidence value as cutoff criteria. Genes showing over-expression in D. desulfuricans 
NCIMB 8326 are shown in the table above.  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IDENTIFIER ANNOTATION FOLD INCREASE P-VALUE 
Dde_0004 DNA gyrase subunit A 1.52 6.95E-4 
Dde_0070 Ste24 endopeptidase 1.74 2.09E-2 
Dde_0312 
Oxidoreductase, FAD/iron-sulfur cluster-binding 
domain protein 
1.73 4.44E-3 
Dde_0363 Hydrogenase expression/formation protein HypE 1.51 3.22E-3 
Dde_0507 30S ribosomal protein S1 1.52 1.84E-3 
Dde_0786 Metallo-beta-lactamase family protein 1.55 7.74E-3 
Dde_0981 
Glucosamine-1-phosphate N-acetyltransferase / UDP-
N-acetylglucosamine pyrophosphorylase 
1.90 2.28E-2 
Dde_1032 Pyruvate kinase 1.81 7.14E-3 
Dde_1087 Glycolate oxidase, subunit GlcD, putative 1.52 5.10E-3 
Dde_1324 6-phosphogluconolactonase 1.77 4.72E-2 
Dde_1444 Hypothetical protein 1.68 2.23E-2 
Dde_1465 
Phosphoribosylformimino-5-aminoimidazole 
carboxamide ribotide isomerase 
1.56 4.70E-2 
Dde_1514 Dihydropteroate synthase 1.75 5.52E-3 
Dde_1531 Hypothetical protein 1.67 1.44E-2 
Dde_1557 Thiamine biosynthesis protein Thi 1.51 4.83E-3 
Dde_1614 Transcriptional regulator, GntR family 1.92 1.72E-2 
Dde_1699 Peptidase, M16 family 1.53 3.81E-2 
Dde_1738 Small HspC2 heat shock protein 1.55 1.46E-2 
Dde_1812 Atrazine chlorohydrolase 1.83 3.72E-2 
Dde_1943 Histidine kinase 1.86 2.90E-2 
Dde_1972 CBS 1.95 1.39E-3 
Dde_2034 Glycyl-tRNA synthetase subunit alpha 1.77 3.53E-2 
Dde_2218 Lon-A peptidase, serine peptidase. 1.97 1.28E-3 
Dde_2388 3'-5' exonuclease 1.57 5.11E-4 
Dde_3130 Acetolactate synthase, small subunit 1.64 2.34E-3 
Dde_3170 Ribosome-associated GTPase 1.56 8.43E-4 
Dde_3185 Demethylmenaquinone methyltransferase 1.62 2.53E-2 
Appendix 4.21  Summary of Genes Showing Under-Expression in 
Desulfovibrio desulfuricans NCIMB 8326  
The mean expression of predicted genes in the D. desulfuricans G20 genome in D. 
desulfovibrio NCIMB 8326 (n = 3) and D. desulfuricans NCIMB 8307 (n = 3) cultured in PMC to 
late-exponential growth phase were compared using a 1.5-2.0-fold difference in expression and 
a 95% confidence value as cutoff criteria. Genes showing under-expression in D. desulfuricans 
NCIMB 8326 are shown in the table above. 
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IDENTIFIER ANNOTATION FOLD INCREASE P-VALUE 
Dde_3218 2-isopropylmalate synthase 1.80 1.66E-2 
Dde_3233 PAS/PAC sensor hybrid histidine kinase 1.60 2.64E-2 
Dde_3239 Glycolate oxidase, subunit GlcD 1.59 6.50E-3 
Dde_3487 Prephenate dehydratase 1.62 4.16E-2 
Dde_3536 Two component transcriptional regulator, Fis family 1.69 1.66E-2 
Dde_3571 ATP-dependent DNA helicase, UvrD/REP family 1.57 1.78E-3 
Dde_3709 Ferredoxin, 4Fe-4S, putative 1.82 9.20E-3 
Dde_3717 Response regulator receiver sensor signal 
transduction histidine kinase 
1.57 2.49E-2 
Appendix 4.21  (continued)  Summary of Genes Showing Under-Expression in 
Desulfovibrio desulfuricans NCIMB 8326  
The mean expression of predicted genes in the D. desulfuricans G20 genome in D. 
desulfovibrio NCIMB 8326 (n = 3) and D. desulfuricans NCIMB 8307 (n = 3) cultured in PMC to 
late-exponential growth phase were compared using a 1.5-2.0-fold difference in expression and 
a 95% confidence value as cutoff criteria. Genes showing under-expression in D. desulfuricans 
NCIMB 8326 are shown in the table above. 
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